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Determination of Sulfur in Bone Char’ 
By Victor R. Deitz, Helen R. Higginson,’ and Cola Parker 
In sugar technology the established analytical procedures were found to give erroneous 
results for the ‘sulfide’ sulfur and “total” sulfur in bone char. The error was found to be 
caused by the presence of organic sulfur in the carbonaceous component. Solution of 
the total sulfur in bone char was obtained by three independent methods: (1) After oxida. 
tion with nitrie and perchloric acids, (2) after air oxidation in an intimate mixture with 
sodium carbonate and magnesium oxide, (3) after oxidation with nitrie acid in a modified 
Carius tube. The precipitate of barium sulfate was found to be contaminated with calcium 
and phosphate from the bone char. It was discovered in the present work that barium sul- 
fate Was easily and completely soluble in hot 70-pereent perchloric acid, thus making possible 
a purification by reprecipitation. Quantitative precipitation was verified by using known 
mixtures of calcium chloride, phosphoric acid, and sulfurie acid. The distribution of the 
total sulfur between the carbonaceous residue and the filtrate resulting from the conven- 
tional acid treatment of bone char was determined after cigestion in three mixtures: nitric 
and hydrochlorie acids, potassium chlorate and hydrochlorie acid, and hydrochloric acid 
alone. It was shown that the sulfur contained in the gases evolved with hydrochlorie acid 
determined by combustion with air followed by gravimetric barium sulfate) was greater 
in most samples than that determined as sulfide-sulfur (precipitated as cadmium sulfide and 
determined iodometrically). The distribution of the total sulfur between filtrate, residue, 
and evolved gases was influenced by deliberate variations in the acid leaching process, 
I. Introduction then made in an aliquot part of the filtrate. The 
result was calculated as percentage “calcium 
In sugar technology the established methods of — sulfate’ of the original sample of char. In order 
determining sulfur in bone char have been con- — to determine ‘calcium sulfide’, a sample of the 
cerned with the calcium sulfate and calcium sulfide. original char was first digested with either nitric 
The general procedure outlined by Spencer and acid or a mixture of potassium chlorate and hydro- 
Meade [1}' is substantially the same as that of the — chloric acid. The subsequent procedure was the 
original methods outlined in 1881 by Tucker [2]. same as that given for the calcium sulfate. Sub- 
Diseordant results obtained by these methods tracting from the result of this determination, the 
ade it desirable to make a critical study of the — barium sulfate already found in the calcium sulfate 
procedures for determining sulfur in bone char. determination gave the barium sulfate equivalent 
According to the old procedure, a sample of to the calcium sulfide. One object of this paper 
bone char was heated with hydrochloric acid, is to show that these methods may give erro- 
cooled, and diluted to a known volume. The neous results for the sulfide sulfur and the total 
residual carbonaceous matter was removed by sulfur in bone char. It will also be shown that 


filtration 


—_—_——— 


A barium sulfate determination was this is due to a significant quantity of organic 
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sulfur contained in the carbonaceous component 
of bone char. 

An accurate determination of the sulfur in bone 
char is important in a study of its revivification. 
In kilns using direct firing, the bone char is in con- 
tact with the products of combustion of the fuel, 
which may have several possible effects on the 
char. 

The total sulfur content of service bone char 
may be of the order of magnitude of 1 percent, 
when expressed as SO,. The gross heterogeneity 
of char and the difficulty of obtaining uniform 
samples are factors that limit the reproducibility 
of the analytical results. For aliquot parts of a 
given well-mixed powdered sample, it is possible 
to realize a precision adequate for this work.* 


II. Precipitation of BaSO, in the Presence 
of Ca and PO, Ions 


Many investigations with contaminated barium 
sulfate precipitates in analytical chemistry have 
shown the difficulties attending the exact deter- 
mination of sulfur as barium sulfate. An inter- 
esting discussion of the possible compensation of 
considerable plus and minus errors has been given 
by Hillebrand Lundell [8]. Kolthoff and 
Sandell [4] have also reviewed the evidence for the 


and 


contamination of barium sulfate precipitates by 
coprecipitation under various conditions. 

A great deal of difficulty was experienced in pre- 
cipitating the sulfate quantitatively from known 
sulfate, caleium, and 
phosphate ions. For bone char the problem is 
that percent of total 
sulfur, expressed as SO, in the presence of about 40 


solutions containing the 


of determining about 1 


percent of calcium ion and 50 percent of phosphate 
The barium 
sulfate determination has unfortunately not dealt 
with this situation. 

The precipitation of barium sulfate from known 
solutions of calcium chloride, phosphoric acid, and 


ion. extensive literature on the 


sulfurie acid was first investigated in some detail. 
The weights of calcium chloride and phosphoric 
acid in each solution were maintained constant, 
and the values were chosen so as to give 1.75 g of 
calcium ion and 2.75 g of phosphate ion in each 
test solution. These weights correspond approxi- 
mately to the weight of calcium and phosphate 


* A coefficient of variability of 1.65% as a measure of the precision was cale 


culated from the data of table 5 
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ions contained in a solution of 5 g of » bone char 

In these investigations, the prec 
barium sulfate was conducted at 4» 
between pH 1 and 2. It was found 


obtain an easily filterable precipitate a; 


tation of 
acidity 
ossible to 
(LO avou 
excessive loss of barium sulfate by solution. Ty. 
value for acidity is in agreement with the yalye of 
by Kol. 


solutions 


0.05 N hydrochloric acid recommended 
hoff and Sandell [4]. Fortunately, th 
prepared from the bone char samples were read) 
filterable at pH 1, although they were almost yop. 
filterable at pH 2. A_ glass electrode and pj) 
meter, calibrated with a buffer of pH 3.0, wo 
used in determining the pH of all solutions 
Data for the weights of barium sulfate precip). 
tated from known amounts of sulfuric acid 
mixtures of calcium chloride and phosphoric ae 
are given in table 1. The precipitation was ma 
by the slow addition of 50 ml of a 5-percent soly. 
The first four deter 
nations were with mixtures of the sulfuric acid \ 
calcium chloride only, and the results indicat 


tion of barium chloride. 


i 


TABLe 1, 
precipitation in a mixture of sulfuric acid, calcium cl 


Weights of barium sulfate derived from « 


and phosphoric acid, adjusted with hydrochloric 
pH 7 


Weight of pr 


Conditions of precipitation 
Found Theor 


CALCIUM CHLORIDE AND SULFURIC ACID 


g 

4 br stirring at 30° C 0. 3273 0 
Do 322s 
Do 3283 
Do S278 

PHOSPHORIC ACID AND SULFURIC ACH 

4 hr stirring at 30° C 0. 3346 0 
Do 3440 


CALCIUM CHLORIDE, PHOSPHORIC AND SULFURI 


4 hr stirring at 50° C, stood overnight 0. 444 0. 27% 
Do wl “ 
6 hr stirring at 90° C, stood overnight 337 
Do 3387 
4 hr stirring at 530° C, stood overnight * 2061 aT" 
Do ® 3009 
Do * 20790 
Do * 3010 
Do ® 3056 


* Saturated barium hydroxide used instead of 5-percent s 
chloride. 


Journal of Research 





percent 
sulfurie 
indicate 
tures Ol 
sulfurie 
be as m 
tion she 
phate m 
on 

In the 
on the t 
in bone 
sulfate 
chloric § 
pret ipit 
acid." 
to whie 
trated 
not feas 

The 
sulfate 
obtaine 
solution 
chloride 
tion in 
barium 
Th pl 
with th 
2 as d 
separat 
filter p 
wate! 
with 
decom] 
the mi 
clear ¢ 
water | 
the vol 
=p ret 
and tl 
with a 
allowe 


and tl 


Deter 





With 
in solutions of phosphoric acid, the 
With mix- 
Jeium chlroride, phosphoric acid, and 


percenta liference of about 1 percent. 


sulfurie a 
indicated contamination Was greater. 
tures Ol 
| the positive error has been found to 
be as muc! Qualitative examina- 
tion showed that the precipitates from the phos- 
phate mixtures were contaminated with phosphate 


sulfurie 
as 10 percent. 


ion 

In the course of the experiments to be described 
on the total oxidation of the carbonaceous matter 
» bone char, it was discovered that the barium 
sulfate precipitate was freely soluble in hot per- 
chlorie acid It was thus possible to purify the 
precipitate by a reprecipitation from perchloric 
acid. The only other solvent for barium sulfate 
to which reference has been found is hot concen- 
trated sulfuric acid. Its use here is obviously 
not feasible 

The procedure for reprecipitating the barium 
sulfate was as follows: The first precipitate was 
obtained from a known volume of the standard 
solution of sulfuric acid in solutions of calcium 
chloride and phosphoric acid by the slow addi- 
tion in drops of 50 ml of a 5-percent solution of 
barium chloride to the stirred mixture at 50° ( 
The pH was adjusted with ammonium hydroxide 
with the aid of a glass electrode to either pH 1 or 
2, as designated in table 2. The precipitate was 
separated by filtration through analytical-grade 
filter paper and washed with 200 ml of distilled 
water. Both precipitate and paper were digested 


’ 


with concentrated nitric acid until the paper was 
decomposed. Perchloric acid was then added, and 
the mixture boiled in a covered beaker until a 
Distilled 


water was added slowly to the warm solution until 


clear colorless solution was obtained. 


the volume was approximately 400 ml; 5 ml of a 
i-percent solution of barium chloride was added, 
and the stirred mixture was adjusted to pH 1 
The precipitate was 
allowed to stand overnight at room temperature 


with ammonium hydroxide. 


and then filtered through a porcelain filtering 
paper, whenever acids are mentioned, perchloric acid 

" entrated acid of commerce 70 to 72 percent; hydrochloric 
rated acid of specific gravity 1.18; nitric acid, the concen- 

eifie gravity 1.42. Diluted acids will be designated as 

diluted hydrochloric acid (1+20) will mean 1 volume 

! acid of specific gravity 1.18 diluted with 20 volumes of 
hydroxide will mean the concentrated solution of 


possible explosive nature of perchloric acid mixtures, care 
t excess nitric acid be always present before adding per- 
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TABLE 2. Weights of barium sulfate after double 


precipitation 


Weight of precipitate 


pu 
Found Theoretical Difference 

¢ g Percent 
2.0 0. 1336 0. 1208 +2. 93 
2.0 1306 1208 +0. 62 
1.0 1283 1208 1. 16 
1.0 1348 1208 +385 
1.0 2007 27060) +4.19 
1.0 2912 2790 +4. 37 
1.0 2923 2760) +4.77 
1.0 2807 2700 +3.84 
2.0 3286 3244 +1. 29 
2.0 3328 s244 +2. 59 
2.0 3360 S244 +3. 58 
2.0 3333 S244 +2. 74 
1.0 3384 S244 +4.31 
1.0 3376 S244 +4. 06 
1.0 3352 s244 +3. 33 
2.0 HATS 188 0.15 
2.0 6506 1485 + 2s 
2.0 OATS 9732 +1. 44 
2.0 1. 0000 V732 +2.75 


crucible. It was ignited at 600° C for at least 


2 hours. 


The results for the double precipitation are 
shown in table 2. The quantity of standard sul- 
furic acid was varied over a wide range. An 
analysis of the results in table 2 was made, dis- 
regarding the two values for pH. A measure of 
precision and also of accuracy was obtained and 
found to be very satisfactory. A very slight 
contamination of the barium sulfate precipitate 
was found equal to about 1 percent.’ 

The better agreement realized on double pre- 
cipitation could be attributed to either a purging 
of the barium sulfate of the contaminants or to 
the closer compensation of the minus errors (for 
example, the possible loss of barium sulfate in 
the acid solution because of the additional analyti- 


’ The authors are indebted to J. Mandel and W. V. Loebenstein for the 
following analysis of the data in table 2. They have plotted the weight of 
the precipitate found against the corresponding weight as calculated from 
the volume and the normality of the standard sulfuric acid. The plot of 19 
points appeared to be sufficiently linear to warrant a fit by the method of 
The intercept of the resulting line was not significantly differ- 
rhis is smaller 


least squares 
ent from zero as indicated by a “Student’s’’ ¢ value of 1.64 
than the 2.11 value, corresponding to the 5-percent significance level for 17 
degrees of freedom (R. A. Fisher, Statistical Methods for Research Workers 

The slope of the fitted line was found to be only slightly different from 1, 
since the ¢ value in this case was 2.14 compared to 2.11. This might indicate 
a contamination in the second precipitation of the order of 1 percent of the 
theoretical value. The standard deviation from regression is 0.0062 when 


expressed in grams of precipitate. 
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cal step) with the plus errors (the gain due to 
order to test the latter 
precipitation of the 
The procedure for the 


contamination In 
possibility, an additional 
barium sulfate was made. 
second reprecipitation was exactly the same as 
for the first. 
where a comparison is made with those for a 
The results 


The results are shown in table 3 


single and for a double precipitation. 
of a spectro-chemical analysis of the second and 
third precipitates did not show any appreciable 
difference in the presence of calcium or any other 
possible contaminants. This would indicate that 


the observed smaller plus error obtained in the 


third precipitation might be attributed to a closer 


compensation of the plus and minus errors. 


Tare 3. 
known solutions of sulfuric acid containing calcium 


Triple precipitation of the barium sulfate from 
chloride and phosphorv acid 


Weight of precipitats 


Found Theoretical Difference 


dg Percent 
Three precipitations 0. 2700 +1.97 
Deo 2746 2 


Deo 7 27M) +1. is 


The best procedure for the reprecipitation of 
barium sulfate from its solution in hot perchloric 
acid has yet to be established. It is, of course, 
most desirable to avoid the addition of any reagent 
that will recontaminate the barium sulfate. A 
few determinations were made in which the pre- 
cipitate was dissolved in 15 ml of perchloric acid 
and reprecipitated by dilution with 600 ml of 
distilled water only (pH of the resulting mixture, 
0.33). 
low, as may be seen in table 4. 


The results obtained by this procedure are 
Since barium 
sulfate was known to be soluble in strong acids, a 
few determinations were made in which the di- 
luted mixture from the perchloric acid solution 
was adjusted to pH 1 with ammonium hydroxide. 
The very low results so obtained indicate the 
relatively strong effect of ammonium salts. This 
may have affected the solubility of the barium 
sulfate or the ammenium ion may have replaced 
some barium in the precipitate. The results 
were also low when only 1 ml of a 5-percent solu- 
tion of barium chloride was added to the mixture 
containing ammonium hydroxide at pH i. How- 


ever, it Was possible to obtain a positive error from 
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the diluted mixture with ammonium | 
pH 1 by the addition of sufficient bar 
(see table 4). 
hydroxide solution to the diluted mixtiire 
of ammonium hydroxide and barium ehlorid, 
was tried in order to raise the pH and to depress 
the solubility by the common ion effect. 1, 
fortunately, a considerable amount of bay . 


droxide 9: Ill. ° 
m chlor 

The addition of satur: ted barinn In o1 
ample 
he inst 


INStead 


Wuons 


hydroxide was required to decrease the acid 
to pH 1 and the corresponding amount of bariy 
ion introduced (50 times that contained in 5 y 
of a 5-percent solution of barium chloride) yy. 
found to vield a large positive error (see table 4 

It would be of interest to ascertain how my 


barium hydroxide should be added to the dilyu 
oxide, 


mixture in order to compensate for the negatiy, 

The addition 

the barium ion would depress the solubility by the I, 
. + 


error caused by the solubility. Carius 


Com 


common ion effect alone. Another mod 


attack would be to raise the pH by addition of ty 
base of a large organic group and to furnish th The 
barium ion by the barium salt of an organic with ¢ 
(for example, barium salicylate). The use been 

large ions that do not coprecipitate has recent\y Rs hem 
been used for the purpose of preparing a crystal! in wat 
graphically pure barium sulfate [8]. The prec 
sion so far indicated by the work described appears 


to be sufficient for the present purposes 


Nl ately 
reache 
pherie 
as mal 


i ' tion W 
apie 4 Effect of some variations in the conditior 4 
. z be 
ployed to reprecipitate barium sulfate from so can 


hot concentrated perchloric acid Sions 

the m 
{All first precipitates made in same manner indica 
posabl 


Found Theors char { 


Weight 


Method 


screen 


") pel 
Dilution with water only 
Do 


SO an 


Stand 
Dilution+ NH,OH 
Do 


Into t 
cTOsSs 


Dilution+ NH,OH+1 ml BaC! 
Do 


M ribe 


methe 
Dilution+ NH,OH+10 ml BaC |, 
Do 
Do 


Dilution+saturated Ba(OH 40) mil 
Do... 
Do 
Do 
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III. Tota! Sulfur Content of Bone Char 


to obtain the complete solution of a 


In ord 
one char, it is necessary to decompose 


ample ol 
he insoluble carbonaceous component under con- 


jitions that insure no loss of the sulfur. Some of 
he total sulfur is contained as sulfate-sulfur, some 
,< sulfide-sulfur, and some in combination with 
the carbonaceous component. Three different 
methods have been employed in this investigation 
to prepare a complete solution of the sulfur free of 
organic matter: (1) complete oxidation with nitric 
and perchloric acids, (2) the Eschka method, i. e., 
air oxidation in a muffle furnace of the intimate 
mixture with sodium carbonate and magnesium 
oxide. (3) nitrie acid treatment in a modified 


Carius bomb. 


1. Complete Oxidation With Nitric and Perchloric 
Acids 


The destruction of organic matter by heating 
with concentrated nitric and perchloric acids has 
been incorporated in a number of analytical 
A 72.4-percent perchloric acid solution 
in water boils at 208° C (1 atm). This is approxi- 
mately 100 deg lower than the temperature 
reached in a boiling sulfuric acid solution at atmos- 
pherie pressure. In these experiments, as well as 
as many others, it has been shown that the oxida- 
tion with a mixture of nitire and perchloric acids 
can be performed without fear of dangerous explo- 
sins. The only precaution needed is first to heat 
100°C until 
indicates the destruction of the more easily decom- 


schemes. 


the mixture at about subsidence 
posable portion of the organic matter. 

The detailed procedure for the analysis of a bone 
char for total sulfur by this method follows. A 
screen test of samples for analysis indicated that 
“) percent passed through a U.S. Standard Sieve 
0 and that 60 percent passed through a U. S. 
Mandard Sieve 140. The procedure is divided 
into the numbered paragraphs for convenience in 
ross reference when the other methods are de- 
scribed 
method | 


he following procedure is designated as 


Five grams of the powdered bone char was placed 
in & Weighing bottle and was dried between 105° to 110° C 
"an atroven for at least 4 hours. The bottle containing 
the sample was tightly stoppered upon removal from the 
ven and cooled in a desiceator. The stoppered bottle 
Was Weig! the contents then transferred to an 800-ml 


} 
weaker 


he bottle weighed again. 
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1.2. The sample was wetted with about 10 to 15 mil of 
distilled water, and 25 ml of nitric acid was added. This 
mixture was boiled gently for 1'» hours in a covered beaker 
Fifteen milliliters of perchloric acid (see footnotes 5 and 6) 
was added and the beaker heated until all fumes of nitric 
acid had disappeared and the carbonaceous residue was 
completely oxidized. During this process the mixture 
changed from the original black to orange, then to bril- 
liant yellow, and finally to a clear sojution with a slightly 
pinkish tinge. 

1.3. The clear solution was cooled and diluted with 
about 100 ml of distilled water. The small residue 
(insoluble silica) was removed by filtration through a 
Whatman No. 40 filter paper or its equivalent. The 
residue was washed thoroughly with 150 to 200 ml of 
distilled water, and all filtrates were collected in a 1,500- 
ml beaker. 

1.4. Water was added until the volume of filtrate 
was 750 to 800 ml. The pH of this solution was adjusted 
to 1.0 by adding ammonium hydroxide dropwise during 
mechanical stirring (add hydrochloric acid if the pH is 
greater than 1.0 at first). A glass electrode and pH 
meter were used in determining the pH. 

1.5. The solution was heated to a temperature of 
50° C, and 50 ml of a 5-percent solution of barium chloride 
was added dropwise, the solution being stirred mechani- 
cally during the entire process. The temperature was 
maintained at 50° C for 4 hours. 

1.6. The solution was then filtered through a Whatman 
No. 42 filter paper or its equivalent and the precipitate 
washed with distilled water unti: only a faint test for 
chloride was obtained with silver nitrate. 

1.7. The filter paper containing the barium sulfate 
precipitate was transferred to an 800-ml beaker, and 
25 ml of nitric acid was added. It was heated gently 
until the paper had decomposed; 15 ml of perchloric acid 
was added, and the solution was boiled until the nitric 
acid had been eliminated and the residue had dissolved. 
The covered beaker at this point became filled with white 
fumes, and the constant boiling mixture of perchloric 
acid and water condensed on the wall of the beaker. 
This state of reflux was continued for at least 15 minutes. 
The solution was perfectly clear and colorless or slightly 
vellow. 

1.8. The solution was cooled to room temperature and 
400 ml of distilled water was added; 5 ml of a 5-percent 
barium chloride solution was added, and the pH readjusted 
to 1.0. It was allowed to stand overnight. The mixture 
was filtered through a porcelain filtering crucible, washed 
with 100 ml of distilled water, and ignited for about 
2 hours at 600° C, then cooled in a desiccator and weighed. 
The precipitate was weighed as barium sulfate, and the 
result was expressed as percentage of SO, 


2. Eschka Method Applied to Bone Char 


The Eschka method is commonly used in the 
determination of sulfur in coal. An intimate 
mixture of the sample with sodium carbonate 
and magnesium oxide is heated to convert all the 
water-soluble sulfate. The method 


sulfur into 
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can be readily applied to the determination of 
sulfur in There is little danger of 
losing oxides of sulfur, since the quantity of sulfur 
expressed as SO, contained in the organic matter 
to be oxidized is usually less than 1 percent of 
the weight of bone char. 

A modification of the Eschka method described 
by Treadwell and Hall [5] was used. The follow- 
ing procedure is designated as method 2. 


bone char. 


2.1. A 5-g sample of powdered bone char was taken. 
However, the sample in this case was transferred to a 
200-ml evaporating dish instead of an 800-ml beaker. 

2.2. The sample was mixed thoroughly in the dish 
with 10 g of magnesium oxide and 5 g of sodium carbonate. 
A second mixture containing 6 g of magnesium oxide 
and 3 g of sodium carbonate was sprinkled over the top 
of the mixture in the dish. The mixture with the sample 
should be completely covered. The dish was placed in 
an electric muffle furnace at room temperature, heated 
slowly to 600° C, and left overnight. 

2.3. The sample was removed from the furnace and al- 
lowed to cool. The mixture was transferred to a 1.500-ml 
beaker with distilled water, stirred mechanically, and 100 
ml of saturated bromine water added. The mixture was 
heated to boiling on a hot plate while continuously stir- 
ring; 50 to 80 ml of diluted hydrochloric acid (1+ 1) was 
added until the solution was acid to litmus, and the hot 
Concentrated 
hydrochloric acid was then added dropwise until the solids 


mixture was stirred for about an hour. 


dissolved and the solution became clear vellow with only a 
small insoluble residue of silica remaining. The amount of 
hydrochloric acid needed to make the solution clear varied 
from 100 to 200 ml. After the final addition of hydro- 
chlorie acid, the solution was kept on the hot plate an 
additional hour while continuously stirring. 

2.4. The solution was allowed to cool and the silica resi- 
due filtered according to the procedure used in paragraph 
1.3. The analysis of the filtrate was performed exactly 
as in paragraphs 1.4 through 1.8 of the perchlorie-acid 
method (method 1). 


3. Complete Oxidation in a Modified Carius Tube 


A Carius combustion tube as modified by Gor- 
don [6] and the technique described by Gordon, 
Schlecht, and Wichers {7] for the use of sealed 
tubes in preparing acid solutions of samples for 
The 


sealed tube was placed in a protective shell of 


analysis were employed in these analyses. 


cold-rolled steel, made by drilling a 1-in. hole 
into 1 4-in. length of 1'4-in. hexagonal stock and 
surrounded with solid carbon dioxide to provide a 
compensating pressure that served to reduce the 
probability of bursting the tube. It was found 
possible to oxidize the carbonaceous matter in 
bone char completely with fuming nitric acid and 
to reuse the tubes for several analyses. 
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The following analytical procedure j 


eslgnated 


the 
as method 3: V~f 
3.1. A 5-g sample of powdered bone char was . 
However, the sample in this case was transferred 
4 
Carius tube [6]. The tube was cooled in liquid air. ayo - ' ( 
ml of fuming nitric acid was added. This was «& 
freeze the acid in order to delay any reactio The t 
was sealed while it was still immersed in the ex 
mixture. The tube was placed in the steel shell and 
rounded with 50 g of dry ice and the top screwed ‘ 
securely. The steel shell was tested for leaks by imo 
ing it in water to note the escape of gas bubbles. [yy P 
then placed in a muffle furnace at 215° C, slightly in F 
so that the seal of the glass tube was elevated. The | 
was left overnight in the furnace. a 
3.2. The steel shell was cooled to room temperatir z 
(about 2 hours) and the carbon dioxide cautiously rele. 
. +r ‘ : \ 
by unscrewing the cap. The Carius tube was take: 
and the contents frozen by placing it in liquid air‘ 
was opened by heating with a tiny gas flame from a | ¥ 
torch at the very end of the seal. The material insic 7 
Carius tube usually had a deep blue color that disappear 
soon after the tube was opened. The residue in thet acid, | 
was transferred to an S800-ml beaker with a strea precl 
hydrochloric acid. The analysis was continued exact ingly 
in paragraphs 1.3 through 1.8. ' tal 
ole 
4. Percentage of Total Sulfur of the 
, ‘ : ' repre 
The method of determination for a given ser table 
bone char (Y-1) was further tested by making « Icy} 
number of determinations with the addition of BBy, ly 
known quantities of standard sulfuric acid to t) 7 
‘rT’ ° 4 ] 
bone char. The determinations were made w- B)y 4 
cording to method I in which the total sulfur was appa 
oxidized to sulfate-sulfur with a mixture of nit we 
and perchloric acids. The results are summarized BJ gp) 
; a ; 
in table 5. The amount of standard sulfuric ace BR yo, 


was varied from 5 to 25 ml (O.1112.N). With t! 19) 


smallest addition of sulfuric acid, approxima: the d 
20 percent of the barium sulfate came from | ay 
acid and 80 percent from the char. With sienii 
largest addition of sulfuric acid, approximately 6 hone 
percent came from the acid and 40 percent fron hart 
the char. The average value of the total sulfu — 
for the eight determinations was 1.91 perce! Ts 
expressed as SO, There is no apparent corte tion 
tion of the individual results with the total amoun! feret 
of barium sulfate involved in the determination was 
In view of the consideration already given tot! thre 
reprecipitation of the barium sulfate (derived fro! initi 
known solutions of sulfuric acid, calcium chlor wid 
and phosphoric acid) after solution in perehlor ¥ 
* As a safety precaution, it is recommended that the stee! s! : — 

dry ice and the transfer of the Carious tube to the liquid air! 

a window of safety glass 

Det 
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minations by the nitric-perchloric acid 
‘otal sulfur in samples of a service bone char 


litions of standard sulfuric acid 


y-1 
| 

Weights of barium sulfate | Total 

. aie -| Weie sultur 

Volu I = ne in char 
Hes 1 | From the From the c expressed 

ota H,SO | char as SO, 

| | 

g y vy | g Percent 
0. 2901 0. O49 0. 2252 4.8405 1.91 
} 3045 1208 2347 4. GOUS 1. 06 
4 1883 2596 2287 4. 8937 1.92 
. 545 $244 2301 4.8797 1. 
. 2920 0649 2271 4. 9799 1.88 
1 4447 1208 3149 6. 9572 1. 86 
4 5169 2506, 2573 5. 377 1.91 
. SANT 3244 2253 4. 8260 1. 92 
, 1.91 
Weights calculated from the normality and quantity of the standard 

eulfu cid it umn 1 


acid, it is important to study the effect of multiple 
precipitation employing bone char alone. Accord- 
ingly, several determinations were made of the 
total sulfate after a nitric-perchloric acid oxidation 
of the char sample in which the barium sulfate was 
reprecipitated twice. The results are contained in 
table 6, in which a comparison is made with the 
results from a single and double precipitation. 
Included, also, are some determinations in which 
the initial oxidation of the bone char was effected 
by the Eschka method already described. It is 
apparent from table 6, and can be shown by 
statistical considerations, that a significant dif- 
ference exists between the average values for 
single and double precipitations, namely, 1.97 and 
|.91 pereent, respectively. The average value for 
the determinations employing triple precipitation 
is 1.89 percent, which can be shown not to be 
significantly smaller than 1.91 percent. Itappears, 
therefore, that while a single reprecipitation of the 
barium sulfate precipitate is justified, there is not 
much to be gained by another similar operation. 
Table 7 contains the results for the determina- 
tion of total sulfur (expressed as SQO,) in six dif- 
ferent service bone chars. The sulfur in each char 
was completely oxidized to sulfate-sulfur by the 
three methods already outlined. The results by 
initial oxidation with nitrie acid in a Carius tube 
method 3) appear to be higher than the results 
by methods 1 and 2. This may be due to un- 
Known factors inherent in the methods of analysis 
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TaBLe 6. Single, double, or triple precipitation of the 
barium sulfate in the determination of total sulfur in bone 


char (expressed as SQ) 


[All determinations were made with a service bone char, Y~-1] 


Single Double Triple 
precipitation precipitation precipitation 


COMPLETE OXIDATION OF THE SAMPLE WITH 
NITRIC AND PERCHILORIC ACIDS 


Percent Percent Percent 

*2. 01 1.89 1. 8Y 

* 1.97 1.90 1.00 
1. 97 1.91 1. 88 
1. 96 1. 92 


ESCHKA'’S METHOD APPLIED TO BONE CHAR 


1. 9S 1.92 
1.06 Low 
Avg_.1.97 1.91 Ls 


® Standard sulfurie acid added, and the corresponding amount of barium 
sulfate subtracted from the quantity determined experimentally 


Tasie 7. Total sulfur (expressed as SO,) in siz service bone 


chars by three methods 


[Values in italic type are average values] 


Average 

Char method 1 method 2 | method 3 — 

and 3 

Percent Percent Percent Percent 
Y-1 1.91 1.92 1.96 1. 
36 1. 98 1.99 2.04 200 
P-1 Lol 0.95 1.00 ow 
P-2 0.80 8] O85 x2 
R-22 6 95 1.00 a7 
R-23 w7 wi 1.04 ON 


rather than to loss of sulfur during the oxidation 
step. 

Further discussion of these results will be post- 
poned until presentation of the analyses according 
to methods 4, 5, and 6. 


IV. Sulfur in the Residue and in the 
Filtrate From Acid Leaching 


When bone char is digested with nitric acid, it 
is well known that the carbonaceous residue takes 
on a different appearance than when hydrochloric 
acid alone is used. The treatment with nitric acid 
leaves a definite brownish residue that has been 
attributed to organic oxidation reactions. It is 
also known that the inorganic sulfides or sulfites 
are completely oxidized to sulfates. It is possible 
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also to oxidize sulfides and sulfites to sulfates with 
a dilute mixture of potassium chlorate and hydro- 
chloric acid. This does not appear to alter the 
carbonaceous matter to the extent that the nitric 
Dilute hydrochloric acid 
alone may be expected to oxidize the carbona- 
ceous matter to the least extent. The extent to 
which the above three acid mixtures oxidize the 


acid treatment does. 


carbonaceous residue in bone char should deter- 
mine the amount of sulfur that is extracted from 
the residue, providing, of course, there is appreci- 
able sulfur in the residue. Thus, the sulfate- 
sulfur contained in the filtrate need not be derived 
solely from the inorganic salts in bone char. 

Three independent analytical procedures will 
now be described in which the sulfur may be 
determined in both the residue and the filtrate 
obtained in acid leachings of bone char. 


1. Digestion With Nitric Acid and 
Hydrochloric Acid 


The following procedure will be designated as 
method 4 for the determination of sulfur in bone 
char: 


4.1. A 10-g sample of finely powdered bone char was 
taken. 

4.2. The sample contained in the SO00-ml beaker was 
wetted with 25 mil of distilled water: 25 ml of concentrated 
nitric acid was added dropwise and the mixture allowed to 
evaporate slowly to dryness on the hot plate. It was 
necessary to remove the mixture from the hot plate imme- 
diately after the evaporation was completed so that no 
earbonaceous matter would be lost by oxidation. Three 
additional evaporations to drvness were then made using 
15 ml of diluted hydrochloric acid (1+ 1) each time. This 
was done in order to expel the nitric acid completely. 
After the third evaporation, 40 ml of diluted hydrochloric 
acid (1+ 1) was added and the mixture boiled gently for 
about 1 hour. 

1.3. The mixture was cooled and transferred to a volu- 
metric flask, where it was made up to exactly 250 ml. 
The mixture was filtered through a No. 40 Whatman filter 
paper or its equivalent and exactly 200 mi collected in a 
second volumetric flask. The remaining solution, the 
residue and filter paper, and the funnel washings were 
transferred to an SOO-ml beaker 

44 The filtrate contained in the 200-ml volumetric 
flask was transferred to a 1,500-ml beaker and this part of 
the analysis concluded according to paragraphs 1.4 
through 1.8. 

1.5. Twenty-five milliliters of nitrie acid was added 
to the beaker containing the residue, the paper, and re- 
maining filtrate and heated until the filter paper had dis- 
integrated: 15 ml of perchloric acid was added, and the 
procedure outlined in paragraphs 1.2 through 1.8 was then 
followed, 
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4.6. The percentage total sulfate int! sampl 
calculated from the sum of the weights of barium « 


obtained in 4.4 and 4.5. The volume of + 


residue 
estimated from the weight of the residue ay] g z 
1.8 for the density. The weight of the residve was 4 
mined by the acid washing of independent san) 
Subtracting the small volume of the residue from 9% 


vielded the total volume of the filtrate. The tota) yy, 
in the filtrate, expressed as SO,, was the value obtained 


200 ml (paragraph 4.4) multiplied by the ratio of the; 
volume of filtrate to 200 ml, approximately 1.95 
total sulfur expressed as SO, in the residue was cale " 
by subtracting the value for the filtrate from the yaly; 
the total sulfate 


2. Digestion With Potassium Chlorate and Hydro. 


chloric Acid 


The following procedure is designated as methy 


5 for the determination of sulfur in bone cha; 


5.1. A 10-g sample of finely powdered bone cha; 
taken. 

5.2. The sample contained in the 800-m! beake: 
wetted with 25 ml of distilled water and 50 mi of a. 
tion of potassium chlorate (10 g¢ of potassium chlora 
a liter of water) was slowly added. The solutio 
heated to about 80° to 90° C, and 100 mi of diluted | 
chlorie acid (1+1) was added dropwise from a | 
while stirring mechanically The acid must not be ad 
too rapidly lest sulfur escape as hydrogen sulfide. A 
the addition of all the acid, the mixture was boiled » 
in the covered beaker for 1" hours. 

5.3. The analysis was concluded according 
graphs 4.3 through 4.6 


3. Digestion With Hydrochloric Acid 


The following procedure is designated as met! 
6 for the determination of sulfur in bone char 

6.1 A 10-g sample of finely powdered bone char 
taken. 

6.2. The sample contained in the S00-m! beaker 
wetted with 25 ml of distilled water and 100 m! of d 


hydrochloric acid (i+ 1) slowly added The so 
was heated in a covered beaker for about t'> hours a ’ 
to 90° C, 

6.3. The analysis was concluded according to 


graphs 43 through 4.6. However, when separat 
residue from the 200 ml of filtrate, No. 42 Whatman’ 


paper, or its equivalent was used, 


4. Distribution of the Sulfur Between Residue onc 


Filtrate 


The results of a number of analyses by me 


ods 4, 5, and 6 have shown good checks for ' 
sum of the sulfur contained in the residu 
that contained in the filtrate. The data for the- 
service bone chars already mentioned are ¢ 
in table 8. The values for total sulfur conta: 
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istribution of the total sulfur (expressed as SO,) between the re:idues and filtrates derived from the acid- 


ts TAB 8 r . 
fa leaching of service bone chars 
1€ Was 
sline HNO; and HC! KC1O; and HC! HC! (alone) 
Average — 
if Char total ‘ 
sulfur Filtrate Residue Total Filtrate Residue Total Filtrate Residue oy Total 
5 
Percent Percent Percent Percent Percent | Percent Percent Percent Percent Percent Percent 
a { 1.65 0.22 1.87 0.99 0. 68 0.17 Ls 
1. 93 1.78 0.18 1.91 es : « as 
| 1. 65 m 1.91 1.09 a8 17 Ls4 
2.00 1.77 24 200 18 45 2.01 1.41 35 13 1.80 
" 
0% 0.94 4 0.8 0. 8 05 1.08 0.78 16 07 1.01 
ani titi 15 si] ea . ot 52 “) OS 0.87 
~ II 73 09 R2 |} = ” —s i 25 05 M4 
yaro- . If SX 10 wm | ° 
a 7 x w 4s "I OS o 
| se On) v2) 
1} “ { iT 29 .10 we 
! Us ive) Os Ww SS 1! Wt ‘ - 
| 4 3 10 97 
Determined by combustion of evolved gases in air 
n column 2 are those given in table 7, and these V. Analysis of Gases Evolved With HCl 
are inserted for comparison. The use of nitric - Pe : 
t : , The presence of hydrogen sulfide is readily ap- 
and hydrochloric acids (method 4) resulted in the : 
, ' parent in the gases evolved from bone char by the 
least value for the sulfur in the residue. It is of : pe 
nterest to note that the sulfur contained either = “CU? of Ugdoectinsic act. The lpmrayen s- 
CTes : . ° i 
r So ih Milka aaa Madi tie ‘iit fide has been attributed to the decomposition of 
nthe residue or in « ‘ate Was Toure oO vary ‘ ° . , : ; 
\ Fg Se oP tay inorganic sulfides in the char. Some may possibly 
considerably for individual determinations. When ; os 
r ins senesced tot, Wien: aeatiiiacs 2h eine Dili result from an acid hydrolysis of an organic-sulfur 
w sulfur was lower in the residue, ‘as higher : 
dan tains Dieainiiie aeaiimeih idieb “tl component in the carbonaceous residue. If the 
NH woo ‘ate; however, as entioned apove, 1 op ope ° . 
sos all heh te Mihas aniline tad tie, Ges Mini latter possibility exists, there may be other volatile 
“umn oO la 1 1¢ TeSi¢ Ct ( i eS “ate ie: . ° 
siaeas sulfur-containing gases in those evolved with 
was constant, 
.; ‘ - hydrochloric acid. 
Without exception the sulfur contained in the reall Se ; , 
cen cabal eilllain: Whi iia iaain eetheniaieal With this possibility in mind, the gases derived 
reside as vreates c¢ e char Tas CXTraciec > ° ° ° 
sith leedeechiae! ‘4 (method 6). There from bone char by evolution with hydrochloric 
With IVGPTOCHIOTIC = ACH eCThoc »). wre Ss ° ’ F a 
, : oe acid were analyzed by two methods. First, the 
evidence which points to some oxidation of the $ ‘ . 
sulfur contained in the carbonaceous matter even hydrogen sulfide was determined alone; second, 
ihe: Wide ahh cleus ts mak tual f th the evolved gases were burned in air and a gravi- 
¢ S ack nionhe s sed. Net) cs Oo ¢ ° . ° ° ° 
me char (P-2) were dinseted is ab sia metric determination for barium sulfate made in 
NUe Char a=) cere ¢ izes ¢ 1 ¢ ec ivaro- ° 
a P the products of the reaction. 
‘ chlorie acid (14-1) for different periods of time. | 
Three samples after digestion for 1's hours gav« 1. Iodometric Determination of the Hydrogen 
residues in which the result for sulfur (as SO,) Sulfide 
were 0.307, 0.262, and 0.246; two values after ste ‘ ; 
S hours were 0.234. and 0.222: one value after 50 The sulfide sulfur was separated from the char 
5 ere aot, 266, One Va e artler o ° ° . ° ° 
hour a. ia —e- by evolution with hydrochloric acid in a closed 
ours Was 0.226. These results indicate that for : as . 
nd entart periods wm { disease & teemee apparatus and by washing the gases in ammoniacal 
. #et periods oO approximately ° ours e , 7 ; e . 
: a . cadmium sulfate solution.” A schematic appa- 
ot hydrochloric acid is gradually leaching the lag a” = : 
elior tones in etiliadiiiinens ennkian Because of  atus 58 illustrated in figure 1. The cadmium 
. aL © Carponaceous resi¢ ©. ecauuse Oo . ° ° 
the | f wellndiity culitier camemaneiie tnolesindiin sulfide was determined without removal from the 
ISS Ol On es ir co ”> 1s rineipa j . . . 
hyd ' , veep, gas wash bottle by a subsequent titration with 
drogen sulfide) during the hydrochlorie-acid RW essay “poe 
leacl é . : : : standard iodine in the acidified solution. 
teaching. the sum of the sulfur contained in the capioaiabiniidh 
resiaduy nd the filtrate does not equal the total The stock solution of ammoniacal cadmium sulfate contained 168 "2 of 
sulfuy cadmium sulfate, 460 ml of concentrated ammonium hydroxide, and 1,046 ml 
— of distilled water 
- : . : 
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Figure |. Apparatus for the evolution of hydrogen sulfide. 

i, Pressure regulator for carrier gas; #, evolution unit with Erlenmeyer 
flask equipped with interchangeable ground joint; C and D, gas-wash bottles 
with fritted disks charged with solution of ammoniacal cadmium sulfate 


Two gas-wash bottles with fritted disks were 
used in series and charged with a dilute solution 
of ammoniacal cadmium sulfate made by di- 
luting 1 ml of the stock solution to 100 ml of 
A 5-g sample of bone char was intro- 
Erlenmeyer flask, the inter- 
joint apparatus 
A test for possible leaks was made 
Fifty milliliters 
1) was slowly 


water. 
duced into” the 
changeable wetted, and the 
assembled. 
by application of air pressure. 
of diluted hydrochloric acid (1 
added, and, as soon as the reaction slowed down, 
the system was swept with a flow of compressed 
air. The flask was heated gently for 20 minutes. 
The first gas-wash bottle was cooled with ice 
water. If the first gas-wash bottle alone con- 
tained a yellow precipitate of cadmium sulfide, 
then only this mixture was titrated with iodine. 
Before titration the mixture was acidified with 
25 ml of hydrochloric acid. The heat evolved 
was usually sufficient to bring the solution to 
The titration with standard 
iodine solution was made after adding 5 ml of a 
As the end point 
was approached the solution appeared yellowish 


room temperature. 
freshly made starch solution. 


red, orange, purplish red, and finally a deep 
permanent blue. A blank was run to determine 
the amount of iodine necessary to color a similar 
solution containing no sulfide. 

A number of results for six service bone chars 
are given as part of table 9. Considerable fluctu- 
ations were observed in repeated runs with ali- 
quot parts of the same sample. A possible expla- 
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nation will be given after the presenta: ion of y), 
second method for determining sulfir jn 4, 
evolved number of messuremens 
of the hydrogen sulfide liberated from steel (\y. 
tional Bureau of Standards Samples 9 
were made. 
for samples of 9d was 0.036 percent of sulfur x 
compared with the 
percent of sulfur. 
tions of 8 g was 0.024 percent of sulfur as cop. 


gases. <A 


and Se 
The average of 10 determination 
standard value of ((y 
ry . 

The average of five determing. 


pared with the standard value of 0.026  percoy: 
of sulfur. 

The results of table 9 indicate a possible oy. 
dation of the sulfur gases with the carrier yas 
used to sweep out the apparatus. It appears 
that the results are higher when the carrier gas 
However, the differences may 
also be due to variable action of the hydrochlo: 


contains oxygen. 


acid on the carbonaceous component of the bow 
char. 


TaBLe 9. Determination of sulfur (expressed as SO, 


the gases evolved from bone char by treatment with hy 
chloric acid 


Ilodometrie determination of the 
hydrogen sulfide displaced with 


Sample 
carrier gas noted 


Percent 
0. 135 Air 
118 Commercial No 
105 do 
10S do 
117 do 


M48 Nz and O» 


102 Commercial N> 
103 do 

131 do 

126 Ng and Og 


028 | Air 
40)6 Commercial No 
035 Ng and Og 


031 Commercial No 
(86 Ng and Og 


046 | Commercial N» 
O71 | Ng and Og 


.0447 Commercial N2 


m2 Air 
057 Ng and Og 


* Independent values by R. M. Thompson. 
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9. Grovimetric Determination of the Evolved 
Sulfur by Combustion in Air 

In this determination the gaseous products of 
avolution were directed by a stream of air to pass 
through a quartz tube, l-em inside diameter and 
1) em long, in which pieces of solid quartz rod 
were pa ced snugly. The quartz tube covered 
with wire gauze was heated to about 800° C with 


two Meker gas burners for at least 15 minutes 
before the reaction was allowed to take place in 
he evolution flask. While the quartz tube was 
heating, the system including two gas-wash bot- 
s containing a 5-pereent solution of sodium 
hydroxide was swept with air. 

An attempt was made to get a very slow 
evolution of gases by the following procedure for 
the addition of the hydrochloric acid: (a) The 
sumple was wetted with a few milliliters of dis- 
tilled water, (b) ten 1-ml portions of diluted hy- 
drochloric acid (1+20) were added during a 
period of about 20 minutes, (¢) ten 2 ml portions 
of diluted hydrochloric acid (1+20) were added 
in about 20 minutes, (d) 20 ml of concentrated 
hvdrochlorie acid was added in one portion. 
Finally, the flow of air was increased, and the 
contents of the flash was boiled gently for 40 
minutes. During this process the quartz tube 
was continually heated with two Meker burners. 

At the conclusion of the experiment the quartz 
All the connecting 
Pyrex tubing was washed with 200 ml of distilled 
The con- 


tube was allowed to cool. 


water into the first gas-wash bottle. 
tents of both gas-wash bottles were transferred 
to. a 2-liter beaker; 100 ml of saturated bromine 
water was added to oxidize any sulfites to sul 
fates and concentrated hydrochloric acid added 
intl the solution turned a definite orange. The 
solution was boiled until colorless, cooled, adjusted 
to pH 1, and a single precipitation of barium 
sulfate made. 

The results for the six service chars are con- 
Although 
definite fluctuations were observed in repeated 
dd 


tamed in the last column of table 9. 


elermminations with aliquot parts of the same sam- 
ple, the sulfate values so determined are greater 
than those corresponding to simple evolution of 
sulfide. 


hydroges In one case, sample 36, the 


(Wo Values are the same. 
A reasonable explanation of the fluctuations, 
apart from inherent inaccuracies in the determi- 
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nations, is the variable action of the hydrochloric 
acid on the carbonaceous residue of the char. It 
would be very difficult to control the extent of the 
acid hydrolysis of the organic-sulfur component 
in the residue. It is important, therefore, in the 
analysis of a bone char by method 6, to determine 
first the sulfur in the evolved gases, and to use 
the mixture remaining in the flask to determine 
the sulfur in the residue and the filtrate. Un- 
fortunately, the values in table 8 were obtained 
by method 6 with two samples of char, one for 
the evolution expe:iment and the other for the 
distribution of sulfur between residue and filtrate. 
Three service chars, however, were analyzed by 
method 6 with the precaution of using but one 
sample for analysis. The results for these chars 
A satisfactory agreement 
was obtained between the total sulfate deduced 
from method 1 (column 2) and the total sulfate 
derived as the sum of that in the residue, in 
the filtrate, and in the gases evolved with hydro- 
chloric acid. Independent data for these three 
samples are available for the sulfate content of 
the filtrate after hydrochloric acid treatment. 
These were furnished through the courtesy of 
H. I. Knowles, chief chemist, Atlantic Sugar 
Refineries, Ltd., Saint John, N. B., Canada. 


are given in table 10. 


TABLE 10. Determination of sulfur (expressed as SO,) 


in Service bone chars 


Total sul- Digestion of sample with HC| 


fur (per- 
Char chloric 
acid ’ Evolved Tots Filtrate 
method Filtrate Residue eases Total only ® 
Percent Percent Percent Percent Percent Percent 
A 1.07 0.70 0.32 0.048 1.07 om 
B 1.48 1.00 45 Os 1M) Ww 
Cc 1S 113 a4 On 138 1.10 


* Samples and the results in this column were furnished through the 
courtesy of H. lL. Knowles, chief chemist, Atlantic Sugar Refineries, Ltd 


VI. Discussion of Results 


The results of analysis of the several bone chars 
for sulfur show clearly the errors in the existing 
methods used by sugar refining laboratories. The 
major error is in the value for so-called calcium 
sulfide, which is based on a fallacy contained in its 
definition. The sulfur reported as calcium sulfide 
is in reality that contained in the sulfides liberated 
by evolution with hydrochloric acid and a part of 
the combined organic sulfur in the carbonaceous 
residue. Other errors are due to the variable 
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umount of organic sulfur removed from the car- 
bonaceous residue that depends on the oxidation 
media employed in the analysis. 

It is recommended that for practical purposes 
the sulfur contained in bone char be defined as 
follows: 

Total sulfur. 
from either methods 1, 2, or 3. Method 1 is pre- 
ferred for its convenience. 


This value may be determined 


Inorganic sulfate-sulfur The nearest value to 
this quantity is the sulfate found in the filtrate of 
a dilute hydrochloric acid treatment of the bone 
char, method 6. 

Sulfide-sulfur— This may 
from a determination of the hydrogen sulfide 


evolved by treatment of the char with hydrochloric 


value be obtained 


acid, see section V, 1. 
Combined organic sulfur. ~The sulfur in the ear- 
bonaceous residue may be determined by either 
of two alternative procedures: the residue obtained 
after digestion with dilute hydrochloric acid may 
be so analyzed (method 6); or, the total sulfur may 
and the sum of the jnor- 
sulfide-sulfur sub- 


be obtained (method 1 
ganic sulfate-sulfur and the 
tracted. 

Any proposed definition of the sulfur content 
take into account the rather 


Research pur- 


of bone char must 
complex chemical composition. 
poses, of course, require the best available methods 
of analysis, and the data obtained thereby may 
not fit into the three simple categories defined 
above. For practical considerations of sugar 
technology work, however, it may suffice to know 
the sulfur content of bone char with a precision 
and accuracy sufficient to warrant the proposed 
definitions. 

Interesting changes take place in the sulfur 
content of bone char during cane-sugar refining 
operations, and the contrast in the percentage of 
sulfur of service bone char with that of new bone 
char should be briefly mentioned. The order of 
magnitude of the total sulfur expressed as SO, in 
new bone char is 0.15 percent as compared with 
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a maximum of | to 2 percent in service cf 
This would indicate that an importa: 
the sulfur during char operations in sugar pofiy 


SOUTES 


is the adsorbed impurities removed fron the sy 
liquors. ' 
Some of the adsorbed impurities contain » 
tein matter composed in part of sulfur-heg) 
amino acids. The sulfur could be retained 
the carbonaceous residue formed in the reaction. 
that occur in the char kiln. 
that sulfate-sulfur may be 


phosphate defecation was used in- thy refi 


It is also poss 
some Introduce; 
operations. Even good technical phosphoric y 
may contain approximately 0.3 to 0.5. percen: 
sulfate. If 
(sulfuric acid and phosphate rock), it may cout, 
more sulfate than if manufactured by the fur 
method (oxidation of phosphorus). The la: 
product may be preferred for sugar refining. 1 


manufactured by the wet meth 


two mentioned sources of sulfur are independ 
of the type of kiln used to revivify the eba 
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Effect of Support on the Performance of Vane 


Anemometers 
By Galen B. Schubauer and Gerald H. Adams 


One of the more important factors affecting the accuracy of a measurement of air speed 


with a vane anemometer is the manner in which the instrument is supported, 


of this fact is important, because the user must devise his own support. 


An awareness 


It is shown that 


seemingly minor changes in the support may change the indicated speed by 5 percent, and 


that holding an anemometer in the hand may increase the indicated speed by as much as 


17 percent 


type of support is reeommended. 


I. Introduction 


The accurate measurement of air speed with a 
ine anemometer depends on an accurate cali- 
bration and on conforming strietly to the condi- 
vons for which the calibration will be valid. 
These conditions involve primarily the manner in 
which the anemometer is supported. 

For many vears calibrations were conducted at 

National Bureau of Standards by means of a 
whirling arm, a device that moves the instrument 
along a cireular path through the air at constant 
speed. The instrument was simply fastened to 

lat plate at the end of the arm as shown in 
vure 1, and the arm was rotated at a series of 
nown rates. The accuracy of a calibration by 
this method was limited by the so-called) swirl 
correction, a@ necessary but rather uncertain cor- 

tion applied to the peripheral speed of the arm 
to take account of the rotation of the air in the 
vom produced by the rotating arm. 

In June 1947, it was decided to conduct all 
calibrations of vane anemometers in the wind 
tunnel where absolute speed measurements could 
be based entirely on the standard pitot-statie tube. 
the change to the wind tunnel, the 
(question of the proper means of supporting an 


In making 


uiemometer was brought to the fore. It was 
already Known that the support could affect the 
mile of an instrument and that the best way to 
avoid possible error was to use the same type of 
The flat plate, formerly 


the whirling arm, could be defended 


support at all times. 


Isa, Wit 
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In order to insure the reliability of a speed measurement, an interference-fre¢ 


only on the grounds that manufacturers in failing 
to supply a supporting member of any sort pre- 
sumably left the user free to adopt any support 
that suited his convenience —even to holding the 
anemometer in his hand. To throw some light 
on the importance of this question, it was decided 
to investigate the performance of several sizes of 
vane anemometers of the type shown in figures 1 
to 5 on the various types of support shown in the 
figures. The investigation was conducted in the 


Bureau’s 4's-foot wind tunnel. 


II. Interference-Free Mounting 


If an anemometer is suspended in a wind stream 
on Wires so fine that they are incapable of produe- 
ing interference, a performance free from support 
interference may be obtained. By comparing the 
performance obtained in this way with that ob- 
tained on the red type of support shown in figure 
2, it has been found that a rod no greater than |, 
in. in diameter produces no measurable interfer- 


Effects 
from members supporting the rod itself may be 


ence when it extends directly downstream. 


made negligible by placing them at a sufficient 
distance downstream. This requires a minimum 
distance of the order of 16 times the diameter or 
width of such members. In the 


mounting shown in figure 2 ample margin has 
a = ~ 


cross-stream 


been allowed, and the mounting is interference 
free. The portion of the rod directly under the 
anemometer is flattened to about ‘sin. in thickness. 
In the investigation of the interference produced 
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Ficure 1. 





Fictre 2 Anemometer supported on rod, 


276 


Anemometer supported on flat plate. 


by other types of support, the performance on {! 
support in question was compared with that 
the rod. 


III. Other Supports Investigated 
1. Whirling-Arm Mounting 


The flat plate on which anemometers 5 
mounted in the past for a whirling-arm tes! 
shown in figure 1. A wooden member simulati 
the end of the arm is shown to the right. 7! 
plate is ', in. thick and 3 in. wide. The dista: 
from the end of the arm to the end of the pl: 
is 125 in. The wind moves normal to the | 
opposite the dial and parallel to the flat sid 
the plate. 

2. Hand Support 


The types of hand support shown in figu 
3, 4, and 5 were chosen not as recommend 
methods of support, but rather as manners 
which an observer might be inclined to hold a 
anemometer in making a measurement of 
speed. The models are intended to respres 
approximately an adult hand and arm. T 
arm length is not intended to be correct, and | 


body is not represented. This would correspo! 
to the case where the observer's bedy is « omplet 
outside the wind stream. Figures | to 5 
show a 4-in. anemometer, the size referring 
the inside diameter of the cylindrical housing 

Figure 3, hand 1, shows one finger through ! 
ring of the anemometer and two fingers suppe 
ing the housing. The arm extends to the > 
and is at right angles to the wind. 
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Ficure 3. Hand 1 supporting anemometer. 


Figure 4, hand 2, shows one finger through 
the ring allowing the anemometer to hang down 

ey. The arm is at right angles to the wind. 
The thumb is on the downstream side. 

Hand 3 in figure 5 shows an anemometer being 
held by means of a short handle. The arm is 
directly downstream inclined at an angle of 45 
degrees to the wind. 


III. Results 


Curves showing the performance of a 3-, 4-, and 
i-in. anemometer are given in figures 6, 7, and 8, 
respectively. 

The speed indicated by an anemometer de- 
pends on the rate of rotation of the vane wheel, 
which in turn depends on the setting of the vanes, 
the diameter of the wheel, the speed and direction 
of the air through the wheel, and the friction of 
the instrument. The true speed is the speed of a 
inform parallel flow of air that would exist if 
the anemometer and its supports were absent. 
The indicated speed may be less than, equal to, 
or greater than the true speed depending on the 
lactors that control the rate of rotation of the 


vane wl el 


The performance given in figures 6, 7, and 8 is 
it terms of the ratio of the indicated speed to the 
(rue speed plotted against the true speed. Dis- 
pPlacem of the various curves from that marked 

rod vs the altered performance due to the 
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Ficure 4. Hand 2 supporting anemometer, 





Ficure 5. Hand 3 supporting anemometer by short handle. 
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It will be noted that 
the ratio of indicated to true speed is increased in 


interference of the support. 
every case. The reason for this is that the air 
speed through the instrument increases locally 
due to the fact that the air must flow around the 
support. 

The changes in indicated speed due to inter- 
ference are given in table | as percentages of the 
true speed at several values of the true speed. 
There is an indication that the percentages de- 
speed, but the 
change is searcely outside the experimental error. 


crease slightly with increasing 
The column of averages may therefore be used as 
a reliable index of the various interference effects. 
It will that 
about the same on the 3- and 4-in. anemometers 


be seen the interference effects are 
but somewhat less on the 6-in. anemometer. A 
decrease with increasing size is to be expected, 
because the anemometer becomes larger relative 
1 and 2 
roughly the same effeet, hand 1 was used only 
with the 4-in 


to its support. As hands produced 


nhnemometer 


Tapte 1. Change in indicated speed due to interference, 
el pressed as percentage of true speed 
Prue st peed, fpm 
, Ave 
Suppor 
hr mn vw) 120 bean 

-IN. ANEMOMETER 

I t Perce Percent Percent Percent | Perce 
Rod 0 0 0 0 rT} 
Plate 5. 6 4 5.0 5.4 
Hand | 
Hand 2 t | 1.4 M4 15.4 
Hand 3 14.¢ 14.5 14.1 4 14.2 

t+IN. ANEMOMETER 
Rod 0 0 0 “ 0 0 
Plat 5 ; 5.4 5.1 1.7 2 
Hand 1 is. 1 17.1 1S 16.2 14.9 ins 
Hand 2 1s. 1 “me 16.5 16.5 16.8 iv.” 
Hand 3 it 11s 11.9 W.7 1.7 

IN. ANEMOMETER 
Rod ” iT) 0 0 0 0 
Plate 6 3 7 6.3 4.2 
Hand 1 
Hand 2 12.7 ILS 11.9 11.9 12.0 12.1 
Hand 3 W.7 w.3 Ww. 1 9.7 06 wt 
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600 


pared to the inherent accuracy of a calibration 
e. The seatter of the points about any one 
in curve in figures 6, 7, and & shows that a 
ration curve is defined to an accuracy of 
ter than | pereent. However, there may be 
ysiematic errors in the measurement of speeds 
w 400 feet per minute amounting to several 
ent, so that the seatter of observations is not 
cliable indication of the absolute accuracy at 
lower speeds. Nevertheless, interference ef- 
pects are 
ss the same support system is used at all times. 


likely to be the major source of error 
support, therefore, becomes in effect part of 
ustrument and changing it amounts to chang- 


the instrument 


Not all interference effects will be as large as 
se shown here, for the effect depends entirely 
the size, position, and shape of the support. 
the bulk of the support is to the rear of the 
hometer, the effeet may be in the opposite 
ection. It is entirely possible that some dis- 
Position of the support may be made such that 


‘ 
| 


sfrom the side and effects from the rear just 
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Anemometer on rod clamped to strut. 


FIGURE 9. 
cancel. However, proper balance might be diffi- 
cult to obtain over the entire speed range of an 
instrument and also would be affeeted by wind 
Directional 
without support interference have been treated 


direction. effects on anemometers 


in & previous paper.’ 


IV. Adoption of a Standard Mounting for 
Calibration Purposes 


In considering the question of a standard 
mounting, it is helpful to keep in mind the fact 
that any mounting must be regarded as part of 
the instrument. As an anemometer supplied by a 
manufacturer should be regarded as a complete 
instrument, it is assumed that nothing should be 
added to it. 


equivalent aerodynamically to adding nothing, 


Therefore, as the rod support is 





Roy H. Heald and Paul 8. Ballif, Effect of yaw on vane anemometers, 
J. Research NBS 19, 685 (1937) R P1056 
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the rod support of figure 2 has been adopted for 


the purpose of calibration. 

Experience with vane anemometers at the Na- 
tional Bureau of Standards has shown that it is 
possible to employ the rod support under nearly 
all conditions of use. Even when it is necessary 
to use a short rod, the interference from the 
member holding the rod is likely to be small. 
According to Heald and Ballif (see footnote 1), for 
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example, the clamping device and styiit shoy, 
figure 9 had a negligible effect at disisnees dow 


stream of 1 foot or more. Even at 4 th 
ference effect was only of the order o! | or 2, 
cent. The strut in this case was 1"; thick 


3 in. wide and extended completely across 
tunnel. 


WASHINGTON, November 4, 1947. 
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Heat of Combustion of Phenyl-Beta-Naphthylamine 
(N-Phenyl-2-Naphthylamine) 


By Donald E. Roberts and Ralph S. Jessup 


The heat of combustion of purified solid phenyl-beta-naphthylamine, (N-phenyl-2- 
naphthylamine) in forming gaseous carbon dioxide, liquid water, and gaseous nitrogen, has 


been determined from measurements with a bomb calorimeter. 
C) is 37909.6 int j/g (1987.07 keal/mole), with an estimated value of 8.3 int j/g (0.43 


at 25 


The value obtained (— AH: 


keal/mole) for the standard deviation of the mean, obtained by making allowance for both 


accidental and systematic errors. 


I. Introduction 


Phenyl-beta-naphthylamine (N-phenyl-2-naph- 
hylamine) is one of the most important materials 
ied as stabilizers in the production of synthetic 
ubber. Stabilizers prevent continued polymeriza- 
ion, cross-linking, or cyclization, which would 
therwise cause stiffening during storage of the 
mvuleanized synthetic rubber. The concentra- 
ions used range from 0.10 to 2.0 percent, depend- 
ng on the type of rubber. 

This material is also widely used as an anti- 
xidant in the compounding of natural and syn- 
this 
onnection it retards oxidative deterioration of the 
improves its 


hetic rubbers prior to vulcanization. In 


woduet after vulcanization and 
esistiance to cracking and deterioration by heat. 
tis sold under the trade names Agerite Powder 
pnd Neozone D. 

Data on the heat of combustion of phenyl-beta- 
useful in interpreting the 


vsults of heat of combustion measurements on 


wphthvlamine are 


ynthetie rubbers, and an accurate value may be 
lesirable for other caleulations. 


Il. Apparatus and Method 


iasurements of the heat of combustion 
‘Tt’ 

Che apparatus 
lure are the same as those described 
3, 4, 5],' exeept in the following 


The 1 
Vere made ina bomb ealorimeter. 
anid proce 


ts indicate the literature references at the end of this 


Heat of Combustion of Phenyl-beta-naphthylamine 


respects: (1) The firing electrode was sealed into 
the head of the bomb with soda glass instead of 
the special glass previously used [3], (2) the bomb 
has two valves, and the carbon dioxide remaining 
in it after the pressure was reduced to atmospheric 
following a combustion was flushed out by passing 
purified oxygen through the bomb, instead of by 
alternately filling it to a pressure of several atmos- 
pheres and releasing the pressure [5]. 

The calorimetric system was calibrated with 
Bureau Standard Sample 39f of benzoic acid, 
The value used for the heat of combustion of this 
sample under the conditions of the standard bomb 
process was reported previously [4]. 

The amount of the combustion reaction in each 
measurement of heat of combustion was derived 
from the mass of carbon dioxide formed. The 
determination of the carbon dioxide, tests for 
carbon monoxide, and corrections for ignition 
energy, and for nitric acid formed were the same 
as described previously [6]. No carbon monoxide 
was detected in the gaseous products of combus- 
tion. A value of 60 kj/mole of nitric acid was used 
in correcting for the aqueous nitric acid (about 0.5 
molar) formed in the bomb. This 
amounted to about 0.12 percent of the heat of 
The nitric acid represented about 7 


correction 


combustion. 
percent of the total nitrogen present. 

Using the procedure described by Washburn [7], 
modified so as to apply to 30° C and to the energy 
content of the gases at zero pressure instead of 1 
atmosphere, the observed heat of combustion in 
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each experiment was reduced to the value of 
Al’., the decrease in intrinsic energy accom- 
panyving the combustion reaction: 


Cw aNo+ 4 O0:(g) — 16CO.(q) 4 


3 11,0041 Nig), 


with each of the reactants and products in its 
thermodynamic standard state. 

The energy unit used in the original calculation 
of the results is the international joule. Conver- 
sion of the results to terms of the conventional 
thermochemical calorie was made by use of the 
relation | calorie=4.1833 int. j. 
absolute joules may be made by use of the relation 
1 int j= 1.000165 absolute j. 


III. Material 


The sample used was prepared by F. J. Linnig 
of this Bureau from a commercial grade material 
(Agerite Powder, supplied by the R. T. Vander- 
bilt Co.) by vacuum distillation and two recrystal- 


Conversion to 


lizations from aviation gasoline. It consisted of 
nearly white needle crystals with a melting point 
of approximately 107° C. 

Spectrochemical examination of the unpurified 
and purified samples of phenyl-beta-napthyvlamine 
was made by Martha E. Mayo of this Bureau to 
determine whether the recrystallized sample had 
been contaminated with lead from the aviation 
gasoline. Lead was not detected in either sample. 
Traces (less than 0.001°%) of copper and silicon 
were found in the unpurified material. 


IV. Results 


The results of the calibration experiments with 
The results of 
combustion of 


benzoic acid are given in table 1, 
heat of 
phenyl-beta-napthylamine are given in table 2, 
where —Al’, is the observed heat of combustion 
under the conditions of the bomb process *, and 

Al’ is the 
companying the combustion reaction when the re- 


the measurements of 


decrease in intrinsic energy ac- 


actants and products are all in their thermo- 

? The conditions of the bomb process are specified by the temperature 
cw ©) te which the combustion reaction is referred, the mass of water (| g¢ 
placed in the bomb before each experiment, the internal volume of the homb 


ml), and the data given in columns | and 2 of table 2 
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TABLE 1. Calibration of calorimete with 


Observed energy equiralent at 285° ¢ 
int j/° ¢ 


3724.7 
13727. 6 
S72 
IS72Zh. 0 
13723. 1 


18724. 5 > 


‘ 





Th 
lox 
napht 

Mean 13725. 4 amou 
Standard deviation 
ol sal 
of the mean ', «sg er 
indies 
samp 
1 Standard deviation of the mean, as used here and in table 2 
[(2d*)/n(n—1)])2, where d is the difference between a single observat loXl 
the mean, and # is the number of observations. In the ease of the fir Samy 
H 
of heat of combustion given in table 3, the values given for thy 
deviation include the effects of estimated systematic errors, as we ment 
dental errors These values were caleulated from the relat 1M ree 
8 =Ql(se/ F)2+ (9g Q)2+ B+ PY}, samp 
ples ' 
where sa is the standard deviation of the mean of the experir 
zoic acid to determine FF, the energy equivalent of the calorimetric s comp 
is the standard deviation of the mean of the results of the experir Ty 
determine Q, the heat of combustion of the sample, F is an a 
5X10°5 for the standard deviation of the value used for heat Vit li 
of benzoic acid; and FP is an allowance of 2X10 for systemat of cal 
ciated with the impurities in the sample and the determinat 
of the combustion reaction from the mass of carbon dioxide lowel 
the | 
TABLE _ BRomb-calorimetric measurements on pheny the n 
naphthulamine wer 
lated 
Heat of l 
Wena poet ——— ’ Dury 
ressure . 
sample tw C co rh 
Aly 
us a 
dg atm é atji@gCoO t react 
0. GO4S80 4 + 1a lis s ; : al | 
- tle 
YOu | 2.2 » 11248 Piso. 5 , 
WOM 32.0 SWOT 11790. 7 2 plus 
USUM, $2.7 $. 1725 LIsO1.S “ the 
value 
Mean 
oN} 
Standard deviation of the mean, *%¢ lat 
See footnote 1, table 1. 
dynamic standard states at 50° ¢ In table 


given values of heat of combustion per gran 
per mole calculated from the mean value giv 
table 2, on the assumption that 16 moles || 
44.010 g) of carbon dioxide corresponds to | 
(219.272 g) of phenyl-beta-napthylamine (Cyl! 


\ 
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rch 


pheny!l-beta-na phthyl- 


of combustion of 


amine 


int j/e intkj/mole  cal/g keal/mole 


37875. 8 S305. 10 G04. 05 1985. 30 
37007. 4 8312.08 O81. 60 TUN. 
37008. 6 S312. 51 Gon2. 12 1US7. 07 
! 
f mean’, * a4 LSI 1.97 0.43 


ible | 


The values obtained for the mass of carbon 
dioxide formed in combustion of phenyl-beta- 
naphthylamine were lower than the stoichiometric 
amounts calculated from the corresponding masses 
of sample burned by an average of 0.053 percent, 
indicating that some impurity was present in the 
samples Several measurements of the carbon 
dioxide formed in combustion of Bureau Standard 
Sample 39f of benzoic acid yielded results in agree- 
ment with calculated values within less than 0.01 
percent on the average. Both the benzoic acid 
samples and the phenyl-beta-naphthylamine sam- 
ples were compressed into pellets, which burned 
completely, leaving no residue. 

Two experiments on unpurified Agerite Powder 
vielded a value for heat of combustion per gram 
of carbon dioxide formed, which was 0.062 percent 
lower than that of the purified material. With 
the unpurified samples, the values obtained for 
the mass of carbon dioxide formed in combustion 
were lower than the stoichiometric amounts caleu- 
lated from the corresponding masses of sample 
burned by an average of 0.135 percent. 

The use of the mass of carbon dioxide formed 
us a measure of the amount of the combustion 
reaction is equivalent to assuming that the mate- 
rial burned consists of phenyl-beta-naphthylamine 
plus inert impurity. If this were true for both 
the purified and unpurified material, the same 
value of heat of combustion per gram of carbon 
The 


fact that different values were obtained for the 


dioxide formed would be obtained for both. 


purified and unpurified materials indicates that 
the assumption is not true for both materials, 
and it is not certain that it is true for either. It 
is possible, therefore, that the results for the 
purified material reported in tables 2 and 3 may 
be systematically in error by a few hundredths 
of a percent due to impurity in the material. 


V. Previous Work 


Lemoult [8] reported the values 9153.39 and 
9166.79 cal/g (mean 9160.1 cal/g) as the results 
of calorimetric measurements of the heat of 
combustion of phenyl-beta-naphthvlamine. His 
calorimeter was calibrated with naphthalene using 
9,664 cal/g for its heat of combustion. No 
experimental details were given. His sample 
melted at 107.5° C and contained 6.18 percent of 
nitrogen (theoretical, by present atomic weights 
In terms of the energy unit used 
in the present work, the mean of Lemoult’s 
results is calculated to be —A/7, =1,999 keal/mole. 
This value was calculated with the aid of the 
values reported by Lemoult for naphthalene and 
phenyl-beta-naphthvlamine, a value for the ratio 
of the heats of combustion of naphthalene and 
benzoic acid derived from the work of Dickinson 
[1], and the value [4] for the heat of combustion of 
benzoic acid used in the present work. 


6.39 percent). 
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Calibration of X-Ray Measurement of Strain 
By John A. Bennett and Herbert C. Vacher 


In order to inerease the precision of strain determination by X-ray methods, 12 measure- 
ments of ring radius were made on each of two patterns for the customary incidence angles of 


90° and 45°. 


for handling the data to give one value representative of these 24 readings. 


For a specimen to which uniaxial stress was applied, a method was developed 


When these 


values (obtained on a flat steel specimen loaded in bending) were compared with mechanical 
strain measurements, it was found that the X-ray measurements were proportional to the 
maximum principal strain up to the beginning of plastic deformation, and the precision 


was such that a change corresponding to 1,000 Ib/in.2 should be detectable. 


I. Introduction 


In an investigation at the National Bureau of 
iandards it Was necessary to determine strain by 
neans of X-rays. As the accuracy required was 
reater than that ordinarily obtained with this 
uwethod, experiments were made to develop a 
echnique for making the measurements with 
iflicient accuracy for the purpose intended. The 
nethod developed and some results obtained with 
tare described in this paper. 

Deformation of metals can be of two types, 
lastic and plastic. Elastic deformation results 
nachange in the interatomic spacing of the erys- 
ils, Whereas plastic deformation does not. It is 
wssible, by means of X-ray diffraction, to meas- 
ire the lattice spacing and thus determine elastic 
train independently of plastie strain. Because 
{ this and other advantages over mechanical 
‘Xtensometers, Which measure over all changes in 
mensions, X-ray diffraction has been widely 
used for the determination of strain and stress in 
s. During the past 20 years the literature 
m the subjeet has become extensive !?. A very 


ts 
Bieta 


food general treatment is given by Barrett.* 
he X-ray strain measurements are made on 
relatively few crystals oriented in particular di- 
Fections, and itis possible that the deformation of 
seer oer burger, Welding Research Supplement, Welding J 
S. Smith, J. D. Lubahn, G. E. Davis, and L. J. Ebert, 
' Supplement, Welding J. 25, 400-s (July 1946) 
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these crystals is not representative of the behavior 
of the polycrystalline material as a whole. Also 
the strain cannot be measured in the direction of 
the applied stress, so the principal strains must 
be calculated by means of elastic theory. The 
uncertainty introduced by these two factors must 
be overcome by experiment to ensure the accuracy 
of the X-ray determination of strain. In order 
to do this and to evaluate the precision of the 
method, calibrating tests were made on a speci- 
men to which uniaxial stress was applied. 


II. X-Ray Diffraction Method of Measuring 
Strain 


1. Precision of a Single Measurement 


The mathematical relationships involved in the 
measurement of strain for the case of uniaxial 
stress will be reviewed before describing the meth- 
od. In the back-reflection technique of X-ray 
diffraction, the collimated beam is passed through 
a photographic film placed at right angles to it. 
The beam strikes the specimen and is diffracted 
by those erystals which are so oriented as to satisfy 
the Bragg equation 


nd=2d sin @, (1) 


where n is the order, \ the wavelength of the 
X-rays, ¢ the interplanar spacing, and @ the 
diffraction angle. If monochromatic X-rays are 
used, the incident beam is diffracted into a series 
of cones having a common axis coincident with 
the incident beam; if any one of these intersects 
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Calibration of X-Ray Measurement of Strain 
By John A. Bennett and Herbert C. Vacher 


In order to inerease the precision of strain determination by X-ray methods, 12 measure- 
ments of ring radius were made on cach of two patterns for the customary incidence angles of 


O0° and 45°. 


for handling the data to give one value representative of these 24 readings. 


For a specimen to which uniaxial stress was applied, a method was developed 


When these 


values (obtained on a flat steel specimen loaded in bending) were compared with mechanical 
strain measurements, it was found that the X-ray measurements were proportional to the 
maximum principal strain up to the beginning of plastic deformation, and the precision 


was such that a change corresponding to 1,000 Ib/in.2 should be detectable. 


I. Introduction 


In an investigation at the National Bureau of 
‘andards it Was necessary to determine strain by 
wans of X-rays. As the accuracy required was 
rreater than that ordinarily obtained with this 
nethod, experiments were made to develop a 
chnique for making the measurements with 
ilicient accuracy for the purpose intended. The 
nethod developed and some results obtained with 
tare described in this paper. 

Deformation of metals can be of two types, 
astic and plastic. Elastic deformation results 
na change in the interatomic spacing of the erys- 
als, Whereas plastic deformation does not. It is 
wssible, by means of X-ray diffraction, to meas- 
ire the lattice spacing and thus determine elastic 
train independently of plastic strain. Because 
{ this and other advantages over mechanical 
\tensometers, Which measure over all changes in 
limensions, X-ray diffraction has been widely 
ised for the determination of strain and stress in 
During the past 20 years the literature 
A very 
rood general treatment is given by Barrett.’ 

The X 
tlatively few erystals oriented in particular di- 
eclons, and it is possible that the deformation of 


netals 


i the subject has become extensive ! 2. 


ay strain measurements are made on 


nburger, Welding Research Supplement, Welding J 


S. Smith, J. D. Lubahn, G. E. Davis, and L. J. Ebert, 
Supplement, Welding J. 25, 400-s (July 1946) 
ructure of metals, chap. 14, p. 267 (McGraw-Hill Book Co., 
Y., 1943). 


X-Ray Measurement of Strain 


these crystals is not representative of the behavior 
of the polycrystalline material as a whole. Also 
the strain cannot be measured in the direction of 
the applied stress, so the principal strains must 
be calculated by means of elastic theory. The 
uncertainty introduced by these two factors must 
be overcome by experiment to ensure the accuracy 
of the X-ray determination of strain. In order 
to do this and to evaluate the precision of the 
method, calibrating tests were made on a speci- 
men to which uniaxial stress was applied. 


II. X-Ray Diffraction Method of Measuring 
Strain 


1. Precision of a Single Measurement 


The mathematical relationships involved in the 
measurement of strain for the case of uniaxial 
stress will be reviewed before describing the meth- 
od. In the back-reflection technique of X-ray 
diffraction, the collimated beam is passed through 
a photographic film placed at right angles to it. 
The beam strikes the specimen and is diffracted 
by those crystals which are so oriented as to satisfy 


the Bragg equation 


n\=2d sin 8, (1) 


where » is the order, \ the wavelength of the 
X-rays, ¢ the interplanar spacing, and @ the 
diffraction angle. If monochromatic X-rays are 
used, the incident beam is diffracted into a series 
of cones having a common axis coincident with 
the incident beam; if any one of these intersects 
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the photographic film, a circle will be recorded. 
When d is changed by the application of stress 
to the material, sin @ changes correspondingly, 
as the product nA is constant. 

In considering the relationships involved in 
the determination of strain by X-ray diffraction, 
the assumptions are made that the material is 
isotropic and homogeneous, and that the applied 
stress is uniaxial, The coordinate system is set 
up with the Y and }V axes in the surface of the 
specimen and the 7 axis normal to the surface. 
The stress is applied parallel to the Y axis. 
Figure 1 shows the relationship of various angles 








Ficgure 1, 


Relationship of various angles ina plane normal 
to the surface of the specimen and parallel to the applied 
stress. 


Reflecting planes are shown at 7, and the diffracted beam intersects the 
film at # 


in the XZ plane when the incident X-ray beam 
makes an oblique angle with the surface of the 
specimen, The diffracted beam is shown inter- 
secting the photographic film at RB, one set of 
reflecting planes is shown at P, and N is the nor- 
mal to these planes. The intersection of the dif. 
fracted cone with the YZ plane on the other side 
of the incident beam has been omitted to avoid 
In order to determine @, 
the distances OA and AB are measured. 


confusing the diagram. 


Definitions of other symbols used are as follows: 
S=Specimen-to-film distance (OA on 
fig. 1). 
R=Radius of the diffraction ring on 
the photographic film (AB on 
fig. 1). 
p—Angle between the Y axis and the 
normal to the reflecting planes. 











8= Longitude angle about | he jy, sdlend 
X-ray beam. The 


© Position 
is in the YZ plane on the oy, 
of the incident beam nearos » 
positive .Y direction 
e=Strain in a direction raking 


angle p with the XY axis 
Strain in the Y, Vy and 7 dipees) 
respectively. 
v= Poisson’s ratio; assumed to 
0.3, 


€xy. €y, €g 


Measurements of strain by the X-ray metho) 
are not made in the direction of the applied sty. 
therefore, it is necessary to know how the stray 
varies with direction. 
stress parallel to the Y-axis) in figure 2, whic 
a stereographic projection, the plane of project 
XY pla 
The latitude lines connect points of equal sy 
Strain ratio, defined as the ratio of 1 


This is shown (for wniayial 


being in the surface of the specimen 
= 


ratio. 
strain in a given direction to that in the diresto 
of the applied stress is designated as € €, 

The formula used in computing the strain patios 

e/ex = co0s* p—0.3 sin® p, ? 
was derived from the approximate equatio! 
the ellipsoid of strain, the complete derivate 
being shown in section VI, 1. 

Obviously it is desirable to make strain meas 
ments at an angle such that the strain ratio s 
be as large as possible, but mechanical consi 
tions limit the incident angle to a maximun 
about 45° from the normal to the surface of | 
specimen. On figure 2 are shown the reflect 
cireles (cones formed by the normals to the retlet- 


ing planes) for two positions of the incident bea! ange 
normal to the surface and at 45° to the suri p ca 
in the YZ plane. The circles were calculated eo 
cobalt Ka radiation reflected from the 310 plans fpeale 
of iron, the diffracting angle, @, bemg ™ m Pp 
Position on the reflection circle is defined by sgt th 
The point of maximum strain ratio comics oul 
with the position 8=0 when the beam ts inc! and 
at 45°, and for this condition the straim rates lou 
0.562, computed from eq. 2. or 

In order to calculate the change in tan 24 |! hen 
is the quantity measured experimentally), ira 


would be expected for a given strain, eq | 1s «i! 


entiated (see section VI, 2 for complete der 
tion), and it is found that for infinitesimal str 
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Stereoqraphic projection (plane of projection is the surface of the specimen) showing the variation of strain ratio 
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with direction (latitude circles), for uniaxial loading in the X direction. 


ll cireles are the reflection circles for X-ray beams incident at @° and 45 Cobalt Ka radiation reflected from the 310 planes of iron 


2 sin’ 6 | d tan 26 . diffraction rings cannot be measured more closely 
L 2tang _ than about 0.05 mm, the sensitivity of a single 
measurement is greater than 10 percent of the 
he term in brackets is nearly constant * over the maximum strain to be determined. This con 
mize of values of @ involved in this work, so tan sideration made it obvious that the number of 
# can be considered to vary linearly with strain. measurements used to determine a specific con- 
suming that the maximum strain which an- — dition of strain would have to be farily large if the 
eiled medium carbon steel can withstand with- required precision were to be obtained. 
ut plastic deformation is about 0.001, the strain 
t the point of maximum available strain ratio 2. Strain Determination From Multiple Measure- 
ould be 0.00056. Substituting this value in eq ments of Ring Radius 
and assuming @ =80'.°, the change in tan 20 
found to be 0.0075. In work of this kind the 
pecimen-to-film distance is usually about 60 mm; 


It will be noted on figure 2 that the reflection 
circles (particularly when the incident angle is 
45°) intersect a wide range of values of strain 
ratio. This means that the radius of the diffrac- 
tion ring from a stressed specimen will not be 


t lhets . . : ‘ 
| this distance the above change in tan 26 would 
muse a change 7 : a 

tise a change of 0.45 mm in the radius of the 
frac oi 

Mraction ring. As the radii of the sharpest nage mpl 
constant, as was shown by Stablein.’ Figure 2 
the ay proxin ations made in this paper 

$Von F. Stablein, Tech. Mitt. Krupp 2, 29 (appendis, 193%). 











shows that for all values of 8 the strain ratio is 
negative when the beam is normally incident, and 
positive for 45° incidence. This is shown in detail 
in figure 3, where the strain ratio is plotted as a 

The 
values plotting these curves can be 
obtained either by determining p for various values 
of 8 on a stereographic projection or from the 
geometrical considerations shown in section VI, 3. 


function of position on the reflection circle. 
used in 
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Ficure 3. 


on the diffraction ring, for uniaxial stress. 
g.. 


Theoretical variation of strain ratio with position 
1, 45° incidence; 2, 90° incidence 


It should be pointed out that the curves of 
figure 3 are strictly true only for infinitesimal 
values of strain, since 6, and therefore p, change 
slightly with strain. As shown in section VI, 4 
the effect of the maximum anticipated strain on 
the position of the curves of figure 3 is not 
significant. 

As was shown above, tan 24 can be considered 
to be a linear function of strain; therefore, if the 
measured values of tan 26 for various positions 
on the ring are plotted against the corresponding 
values of the strain ratio, the points would be 
expected to lie on a straight line. The intercept 
of this line at B=0, for example, would provide 
a value representative of all the measurements 
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taken on that diffraction ring. Th 
analyzing the data was followed in th 
described in this report in order to 
precision over that obtainable with a single mo. 
urement. The results will be discussed after th 
experimental procedures have been described 


method r 
\periment 


Crease thel 


III. Procedure 


1. Apparatus 


The X-ray apparatus used in this work was, 
General Electric XRD unit, the tube having , 
cobalt target. The voltage was 45-47 KVP wy 
a tube current of 7 ma. The collimator consist 
of two 1-mm-diameter pinholes spaced 75 ny 
apart. 
hour on Eastman No-Sereen film was satisfactor 
Single-coated film was not found to be necessyy 


Under these conditions an exposur 


in this work, as only the change in radius 
important. 

A flat specimen was used, the- stress | 
applied by bending. The specimen was nw 
from a *-in. diameter rod of X4130 steel iy 
normalized condition. A flat 
Me in. thick by 1% in. long was machined eq 
distant from the ends of the rod, the thickness 
the reduced section being uniform within 


central sect 


cent. The surface on which strain measurene 

were to be made was polished with progressi 

finer abrasive papers, finishing with 400 Aloy: 
then the specimen was normalized in vacuu 
at 1,625° F, and finally the surface was etehed tw 
5 minutes in | percent nital. 

Strain in the .Y-direction in the specimen Was 
measured with two wire strain gages placed abo 
and below the spot Ww here the X-ray beam was 
Baldwin-Southwark A-7 gages, having 
an effective length of 4 in., were read on a typ 
K strain indicator. 


incident. 


The average difference 
tween the readings of the two gages was abou! 
1 xX< 10". 

The specimen was loaded ina jig (a top view 
which is shown in fig. 4), which applied a unilen 
bending moment to a 1-in. length of the red 
section. This was accomplished by loading | 
specimen as a simple beam, with the load distr’ 
uted symmetrically on the two kn 
This symmetry was maintained by supporting © 
knife edges on two pins, which allowed rota 
about both a vertical and a horizontal axis 


edges 
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re}. Sketch of complete mounting asse mbly for loading 








ess q looking toward the X-ray tube. 


The loading jig was supported on three balls 
iided by steel V-blocks on the bottom plate of 


ww 


and on the supporting plate below, as 
The surface of 
he specimen was parallel to the V-blocks, so that 


Xt hi 


hown in the sketch of figure 8. 


he jig could be traversed while keeping the sur- 
ace of the specimen accurately in the same plane. 
Tle supporting plate was mounted on a base in 
uch a way that the specimen could be set either 
ermal to the incident beam or at an angle of 45° 
ty 0 it when the base was in place on the track of 

he X-ray unit. 

ig Was translated horizontally about 


During the exposure, the loading 
3 mm by 
clock mechanism operating through a flexible 
haft 


2. Measurement of Film-to-Specimen Distance 

Two measurements are required for a deter- 
nination of the diffraction angle, namely, the 
ilm-to-specimen distance, S, and the radius of the 
liffraction ring, 2, tan 26 being R/S. Many 
effect, made the first 


hvestigators ° 


have, in 


See f 


oh X-Ray Measurement of Strain 





measurement by using a calibrating substance in 
the form of a powder dusted on the specimen. 
The diffraction ring from this standard is com- 
pared with that from the specimen so that no 
direct measurement of the specimen-to-film dis- 
tance is required. Because of the uncertainty of 
measurement of a diffraction ring, the more pre- 
cise method of determining S by micrometer 
measurement was adopted. These measurements 
were made on a separate camera track on which 
the complete mount 
placed before making an exposure. 


assembly was 
A pointer 
controlled by a micrometer screw was mounted 


specimen 


in a collimator mount on the camera track in such 
a way that the pointer was in the same position 
The 


spacing between the collimator mount and the 


relative to the specimen as the X-ray beam. 


supporting plate of the specimen mount was set 
by means of a gage block placed on the camera 
track between them. 

After the specimen mount assembly and the 
collimator mount had clamped firmly 
against the gage block, the pointer was advanced 


been 


until it contacted the specimen, the contact being 
indicated electrically. The micrometer reading 
was recorded and the complete specimen mount 
assembly was then transferred to the camera 
track on the X-ray apparatus. The same gage 
block was used to adjust the spacing between the 
supporting plate and the camera mount, follow- 
After a few 
calibrating exposures had been made with sub- 


ing which the exposure was made. 


stances of known diffraction angle, the micrometer 
readings could be converted directly to values of 
S. This distance was approximately 60 mm. 


3. Measurement of Ring Radius 


In order to provide a reference mark on the film 
from which to measure the radius of the diffrac- 
tion ring, a calibrating ring was exposed on the 
film after the diffraction pattern. A circular 
mask having a diameter about 10 mm greater 
than the diffraction ring was held firmly against 
the light shield in such a way that the periphery 
of the mask was accurately concentric with the 
position of the collimated X-ray beam. <A direct 
beam of X-rays, arranged to form a sharp shadow 
of the mask, produced a dark ring on the film, 
and this ring was used as a reference in all measure- 
ments of the diffraction ring. As the calibrating 
ring was exposed immediately after the diffraction 
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pattern, any dimensional change in the film could 
be measured. 

The diffuseness of the diffraction ring makes it 
difficult to measure the radii with the desired 
sensitivity of 0.05 mm, the total width of the line 
being 1 to 2 mm, under the best circumstances. 
Preliminary measurements made for comparison 
on a recording microphotometer and with visual 
methods, indicated that the greater precision of 
the former justified the additional time which it 
required. The microphotometer used was of the 
Knorr-Albers type. 

A film holder (fig. 6) was constructed which 
allowed the film to be rotated without being re- 
The film was mounted 
between two circular glass plates which were held 
The ring 
was a close fit in a hole in a 4- by 10-in. brass 


moved from the holder. 
in a flanged ring by spring clamps. 


plate and was beveled on the outer edge so that it 
could be held firmly against the plate by means of 
knurled clamping screws. The plate fitted into 
the plate holder of the microphotometer with the 


long axis of the plate horizontal. The calibrat- 





Figure 6. Film holder for mounting and rotating the diffrac- 


tion pattern in the microphotometer. 


ing ring on the film was made concentric with 
the ring of the film holder by means of '\¢-in.- 
diameter holes in the center of the 
glass plates and in the film. Then the plate holder 
was adjusted so that the scanning light would pass 
through this common center. In this way the 
ring could be set quickly (using a graduated circle 


alinement 


on the flange) for scanning any desired diameter 
of the diffraction ring. It was found by trial 
that the most satisfactory scanning speed was 
10 mm a minute, which, with a chart speed of 
2 in. a minute, gave a magnification of about 


\ 


< 5 on the chart. 
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The diameter of the calibrating ring 
ed at three positions on the film, snd the , 
tance from the calibrating ring to the diffrgess, 
ring was measured at 12 points 30° apart Fron 
these measurements the radii (corrected for §) 
shrinkage) at 12 values of 8 could be obtaineg 7 
the diameter of the calibrating ring was accurateh 
known. 


Vas Meas ] 


4. Treatment of Data 


For each load applied to the specimen, 
diffraction patterns were made, one with the X 
ray beam incident at an angle of 90° and the or\ 
with 45° incidence. As 12 measurments of ») 
radius were made on each pattern, there we } 
total of 24 measurements associated with os 


Figure 3 shows that the str 


a 


loading condition. 
ratio for normal incidence is sufficiently constyy: 
around the reflection circle so that all values o 
the radius may be averaged. However, in ‘| 
case of 45° incidence a considerable loss jn seys- 
tivity would result if the readings were average 
as the average strain ratio is significantly smalley 
that at B=0. 
24 were plotted against strain ratio, and the in 
cept corresponding to 8 
representative of the group of readings 


than Instead, the values of ty 
0 was taken as the valy 
A ty] 
set of data plotted in this way is shown in figure? 
in which the coordinate lines are drawn at ea 
value of 8 where a measurement of radius was 
The strain in the Y direction (« 
this case 0.06 The straight 
representative of the points was determined 


made. 
was percent, 
least squares analysis. 

Both the slope and the intercept of curve 
plotted as in figure 7 would be expected to var 
with strain, but the intercept was used as it Wis 
more sensitive to strain changes and could 
compared more readily with the results from | 
patterns taken at normal incidence. 

A systematic error is indicated by the fa: 
the points in figure 7 for the radii from 0 to |» 


are consistently higher than those from 1! | 
360°. 
regardless of angle of incidence, and is proba) 
due to a slight misalinement of the pinhole co! 
mator relative to the camera track or other parts 
the apparatus. The error amounts to abou! 
mm, and would occur if the angle between | 
collimated beam and the camera track were 
large as 5 minutes. 


This diserepaney occurred in all patter 
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xi 7. Typical plot of the measurements on one diffrac- 


tion pattern. 
represent values of 6 from 6 to 180°, closed circles from 210 
For enience, the ordinates are drawn at the values of 6 where 


were made, 


ilthough the graph is actually constructed on a 
cale, as shown by the scale at the top 


IV. Results and Discussion 


The results obtained from a series of diffraction 
wtterns from the flat specimen stressed by bend- 
ug are shown in figure 8. The values represent- 
ng the 45 


0, obtained as explained above, (fig. 7). 


incidence patterns are the intercepts 
oro 


‘he values for normal incidence are the averages 


ftwelve readings from each diffraction pattern. 

During the first stressing after normalizing, the 
pecunen Was inadvertently deformed enough to 
ause plastic deformation; consequently the sur- 
face laver of the specimen contained some residual 
ompressive stress, as shown by the fact that the 

rves of figure 8 do not start together, but cross 
niter the surface has been strained somewhat in 
ension 

It is interesting to note that the curve for 45° 
idence flattens off at a strain value of about 
M10 ndicating that plastic deformation occur- 
bed when the strain was greater than this value. 
However, the 90° curve shows no flattening up to 
From this it ap- 
pears that plastic deformation in one direction in a 
affect the atomic spacing or 
in other directions where the 


fe maximum applied strain. 


rvstal does not 
laste properties 


Sirail is hot great enough to cause slip. 


X-Ray Measurement of Strain 


In order to minimize systematic errors and 
utilize all of the data to obtain a single curve, the 
difference between values of tan 26 for the two 
angles of incidence are plotted against strain in 
figure 9. (The subseripts A and B indicate values 
obtained with 90° and 45° incidence, respectively ). 
Below the start of plastic deformation, the maxi- 
mum deviation of any point from a linear relation- 
ship is 0.0035-percent This deviation 
corresponds to a stress of about 1,000 Ib/in?. The 
dashed line on the figure is the theoretical relation- 


strain. 


ship obtained from eq | and 2 on the assumption 
that that 
purely axial. 


the stress is 


and 


Poisson’s ratio =0.3, 
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Fictre 8. Effect of strain on the diffraction angle as meas- 
ured with the X-ray beam incident at 90 and 45°. 


Strain was measured with wire strain gages. Each of the points represents 
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Ficure 9. Difference between the 90 and 45° points shown 
in figu re &. 

The subscripts A and B indicate values of tan 20 obtained with 90 and 45 

incidence, respectively. The dashed line is the theoretical curve calculated 


for Poisson's ratio =0.3. 
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The slope of this theoretical curve is not changed 
greatly by change in the assumed value of Pois- 
son's ratio, so that it is not possible to draw any 
conclusions regarding the correctness of the value 
assumed. However, the fact that the slope of the 
experimental curve is nearly the same as that of 
the theoretical curve shows that X-ray measure- 
ments can be used to give a reliable determination 
of strain in the direction of the applied stress. 


V. Conclusions 


For the condition of uniaxial stress, the pre- 
cision of X-ray strain measurements can be im- 
proved by increasing the number of measurements 
of diffraction ring This investigation 
showed that is was possible to determine elastic 


radius. 


strain sufficiently accurately so that a change of 
stress of 1,000 Ib/in could be detected. 


VI. Appendix 


The following symbols, not used in the body of 
the paper, will appear in the derivations below. 

@, @y, a3, Direction cosines of the direction in 
which € is measured with respect to the Y, Y, 
and Z axes, respectively. y, Angle between the 
X axis and the incident X-ray beam. 


1. Derivation of Equation 2 


Under the loading conditions described in see- 
tion II, a, the directions of the principal strains 
coincide with the coordinate axes. The equation 
for the ellipsoid of strain can therefore be written 
ly"€z. (4) 


€=d)€x +yey4 


Also 


As the stress is uniaxial, ey=e,=— vey. 
€x[a," 


; 


vil a,*)). 


a +ae+as=—1, so that eq. 4 becomes 


Or, assuming v=0.3 
e/ey=cos* p—0.3 sin® p 


2. Derivation of Equation 3 


To avoid confusion, the interplanar spacing in 
eq. 1 will be symbolized by « rather than d: 


nX—2r sin 0. 


Differentiating 
xr cos 6d0=—sin 6dr, 


dr 


r 


—cot 6dé. 
This equation shows the advantage of the hae} 
reflection method (i. e., large value of #). for ci 
measurement. The relationship desired js 4) 
between ¢ and d tan 28, since the latte; 
measured experimentally 


a 
is the lenny 
d(tan 26) =2 sec? 26d@, 


(1—2 sin? 6) 
dé = 


(1—2 sin? 6)? 
cot 6dé= - | > tan 6 |e tan 26 


3. Formulas for « éy 


d tan 28, 


Figure 10 shows the geometry for obteini 
strain ratio as a function of 8. The sides of 
spherical triangle YAC are related as 


cos (90— 8) cos ¥ 
#) sin ¥ cos 8. 


COS p 
sin (90 


45° and @=80%°: 
cos p= 0.697 +0.117 cos 8B. 
90°: 
cos p=0.165 cos 8. 
Equation 2 can be written: 
e/ex = 1.3 cos* p—0.3. 
Substituting eq 7 and eq 8, respectively, 
e/ex = 0.332 + 0.212 cos B=-0.018 cos p 


e/ex — 0.035 cos* B—0.3 


These are the equations of the curves show 


figure 3. 
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rE 10 Sle reogra phic projection im the y7 plane shou- 
» the geometrical considerations involved in the determina- 
n ratio as a function of 6. 
Vi 


4. Evaluation of Errors of Approximation 


The assumptions made in the following evalua- 
Maximum ex=10~°, y=45°, 
0.56 €=0.00056. 


ons were 9=80%° 


0}: therefore e/ex 


\'easurement of Strain 


is 


In the following, a prime (’) indicates that the 


value refers to the strained metal. From eq 1 


d sin 6=d’ sin 6’ 


ad’ siné 


j OO056 
d sng’ I. ” 


@’ =S80°19" 
(a) Variation of the Term in Brackets in Equation 3 with Strain 


(1—2 sin? 0’)? 


z 0.0748 
2 tan @ ‘4 
(1—2 sin? 6)? 
0.0760 
2 tan @ _ 


That is, the change in tan 26 is a linear function of 
strain within | percent over this range. 


(b) Effect of Strain on Strain Ratio 
From eq 6 and 2 the strain ratios for the above 
conditions are 
e/exy = 0.562 
é'x 0.565 
This change of less than 1 percent has a negligible 
effect on the determination of the intercept for 
B=0. 


WaAsHINGTON, October 3, 1947. 
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Magnetic Measurement of the Thickness of Composite 
Copper and Nickel Coatings on Steel 


By Abner Brenner and Eugenia Kellogg 


\ magnetic method has been developed for measuring the thickness of composite coat- 


ings of copper and nickel, electrodeposited on steel. 


The method consists in measuring the 


attractive foree between the specimen and two permanent magnets of different strengths. 
rhe total thickness of the deposit and the relative thickness of copper and nickel layers can 


be determined from a set of calibration curves. 


In the plating industry composite coatings of 
copper and nickel are extensively used, although 
they do not generally yield as good a protective 
value as an equal thickness of pure nickel. These 
composite coatings on steel consist of two layers 
the first, copper, which is electrodeposited directly 
on the steel, and the second, nickel, deposited on 
the copper. The copper is less expensive than 
nickel, and it may be readily buffed as an under- 
coat for bright nickel. The present trend is to- 
ward the use of heavier composite coatings to 
The automo- 
tive industry commonly uses copper-nickel de- 
posits up to 0.002 in. thick on steel parts. It is 
therefore desirable to obtain a nondestructive 
method of measuring the total thickness and the 


nickel 


secure increased protective value. 


relative thicknesses of the copper and 
lavers such as described in this paper. 

An instrument known as the Magne-gage has 
been used to measure the thickness of nonmag- 
This in- 


strument measures the attractive force between a 


netic and of nickel coatings on. steel.! 


small permanent magnet and the plated sample. 
force is dependent upon the 
thickness of the coating and the magnetic proper- 
ties of the coating and base material. When a 
routing is interposed between the magnet and the 
magnetic base material, the attractive force is de- 
creased, provided that the coating is less magnetic 
than the 
the thiel 


This attractive 


use material, the decrease being greater 
the coating. 


}. Research NBS 2@, 357 (1938) RP1081, 


Thickness of Composite Coatings 


The Magne-gage is a spring balance, on one 
arm of which the magnet is suspended. A helical 
spring is attached in such a manner that as the 
knob is turned, the spring is wound up. The 
force required to detach the magnet is a measure 
of the attraction between the magnet and the 
specimen. The attractive force of the magnet for 
the sample is read from a dial attached to the 
turning knob. The thickness of the coating is 
determined from this reading with the aid of a 
calibration curve made with coatings of known 
values of thickness. To determine the thickness 
of composite coatings, two magnets of different 
strengths are used. In order to compensate for 
the difference in the attractive force of the two 
magnets, it would be necessary to use two differ- 
ent gages unless different springs were used or 
two magnets were hung at different distances 
from the pivot on the balance arm. For the 
measurements here reported, the stronger magnet 
was hung nearer to the pivot. The modified gage 
is shown in figure 1. 

Nickel is somewhat magnetic, although not as 
much so as steel, hence the calibration curve for 
the nickel coatings differs from that for copper 
coatings as copper is practically nonmagnetic. 
As can be seen from figure 2, the calibration curve 
for pure nickel coatings of given values of thick- 
ness falls considerably to the left of the curve for 
pure copper, and is steeper. The calibration 
curve for any composite coating must fall within 
the boundaries of these two curves as, for ex- 
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Figure | Vagne -gage jor measuring thickness of com posite 


coatings. 


ample, does the curve tor equal thickness of cop- 
per and nickel. In the absence of knowledge of 
the relative thickness of copper and nickel, the 
total thickness be determined from a 
single reading as a certain reading can represent 
For instance, in figure 


cannot 


a number of thicknesses. 
2, a dial reading of 70 would represent a total 
thickness of 0.00049 in. of pure copper; 0.00085 
in. of a half copper and half nickel coating; or 
0.00168 in. of a pure nickel coating. 


It is possible, by making measurements on a 
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Figure 2. Calibration curves for coatings of various per- 


centages of copper and nickel on steel. 


N, 100-percent-nickel coating; C-N, 50-percent-copper-50-percent-nickel 


coating; C, 100-percent-copper coating 
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coating with two magnets of differe: 
to determine not only the total thick: 


strengths 
s but aly 
the relative thickness of the two layors. Ty, 


method is based on the fact that the  alibpy: 


ths ly 


curves of magnets of different str: " 
quite different curvatures. This is jl! 


figure 3, where the stronger magnet has alo» 


trated 


three times the magnetic strength of the weak. 
magnet. of diffe 
ent compositions, such as 100-percent copy 

half copper-half nickel, and 100-perce; 
were prepared, as shown in figures 4 and 


Curves for composite coating 


Nich 


Suppose that on a given sample a dial read 
of 78 was obtained with the weaker mavnet 
a reading of 80 was obtained with the strony 
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Figure 3. Calibration curves for two magnets of dif 


strengths with copper coatings on stee 
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Figure 4. Calibration curves of coatings containing 
percentages of copper and nickel on steel fo 
magnet. 

N, 100-percent-nickel coating; C-N, 50-percent-copper 
coating; C, 100-percent-copper coating 
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Ficere 5. Calibration curves of coatings containing various 
centages of copper and nickel on steel for the weak 
magnet 
i-percent-nickel coating; C-N, 50-percent-copper-50-percent-nickel 


( #)-percent-copper coating 


Assuming that the sample has percent- 
ages of copper and nickel represented by one of 


magnet 


the calibration curves, there are six .possibilities 
as to the thickness as follows: 


Thickness, 
inch 10-* 


Magnet 1 Magnet 2 


If 100° e pper . oe 9. 0 
If 50% copper-50% nickel 13. 4 13. 4 
If 100% nickel >30. 0 26. 2 


Thickness of Composite Coatings 


The thickness must be the same when measured 
by each magnet and in this case is 0.00134 in. 
The percentage of copper or nickel is defined 
by the point where the thickness readings for 
the two magnets coincide. Therefore in the above 
half the total thickness must be 
If the relative percentage of copper does not 
correspond to a specified curve, it becomes nec- 


case copper. 


essary to interpolate between the curves. 

To avoid cumbersome, lengthy tabulations, the 
following graphical method has been developed. 
The method involves the superposition of the graphs 
for one magnet on those for the other so that the 
pertinent gage readings coincide. The points of 
intersection of the curves are noted. In figure 6, 
the reading of 78 with the weaker magnet is super- 
posed on the reading of 80 with the stronger 
magnet, at the line AB. Although the curves 
intersect at a number of points, those of like 
composition cross at only three points, Y, )’, and 
Z. Through those points line XZ is drawn. 
The intersection Q of the line AB and the line 
NZ defines the total thickness, in this case 0.00134 
in., measured on the left seale. As the thickness 
falls on the calibration curve for half copper and 
half nickel, it is not necessary to interpolate to 
determine the percentage of copper or nickel. 
If the interpolation is necessary, it may be done 


in the following manner. Suppose that a reading 
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Figure 6. Superposition of calibration curves of the weak 
(fig. 5) and strong (fig. 4) magnets. 

Intersection occurs on the half-copper-half-nickel curve. N, 100-percent- 
nickel coating; C-N, 50-percent-copper-50-percent-nickel coating; C, 100 


percent-copper coating. 
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of 68 is obtained with the weak magnet and a ol r 
reading of 75 with the strong, and the curves are a | 
superposed as above. In figure 7, the two dial ° 

readings are represented by line AB. A line XZ : a 
is drawn through the points Y, Y, and Z where 220 

curves of like percentages of copper intersect. $ 

The position of point Q, where AB cuts XZ, 2 | of 
defines the thickness (0.00172 in.), which is read : 


off from the ordinate, and also the percentage of 
the total thickness that is copper. Point Q lies 
somewhere between points X and Y, i. e., between 
the calibration curves for pure nickel and half 
copper and half nickel, hence the percentage of 


TOTAL 











TOTAL THICKNESS BY ANALYSIS, INCH * 10° 4 
a 
.s 





copper must fall between these two. As @Q lies Figure 7. Superposition of calibration curves of th 
along line XZ about 40 percent of the distance and strong magnets. 
‘ Intersection interpolated between curves. N, 100-percent-nickel oq ‘ 
from the half copper curve to the nickel curve, C-N, 50-percent-copper-50-percent-nickel coating; C, 100-percent . 
the copper content is (40/100) 50=20-percent oa 
copper. Although the variation in composition Taste 1. Accuracy of composite gag of 
is not linear along line YZ, we may assume it to The percentage deviation is based on the total thickness obtained | 
be linear, without appreciably increasing the {amas ijacent to thowe used forthe chetieal analyecs, When we. 
error in the determination of the percentage of as found to be uniform, the microscopic determinations were cone Fic 
copper of the coating. aie ecarncmncesean : 
The gage as designed will measure with a satis- feiaitinien Seihitibineds Thickness o 1 
factory accuracy composite coatings with total sins 
thicknesses from 0.0005 to 0.0030 in. Below and Devia- 
above this range the superimposed curves for the No, Plating at | Chemical ——- oe i |p 
two magnets run virtually parallel. Within this ye re | en | results ‘yas |tesehs 
range the error of the gage was found to be about 
10 percent for the total thickness and 15 percent ae nb - 
for the copper percentage determination, as 1 Com B | wxle+ | 3IxIes) -23) Ok 
shown in table 1. Measurements were made o}--& i h poe = eS 
with the composite magne-gage on especially pre- 4 es sie fon onl ol a 
pared specimens and on commercially plated 5) NBS oil lies as 4 Oi 
coatings to determine their thickness; and the 6 |.. do B | 7% 72 ~«| 3 4 
thicknesses were checked by microscopic and A Pn : ~* | al a 
chemical analysis. The chemical analyses were 9 | Com B | 87 ws -1| | 2 
made by dissolving the coatings and analyzing | do... B | # ” * asi a 
the solutions by standard methods. As the gage |. do Bw x2 2) 4M 
was calibrated with samples plated with standard . Ds a tos os 4 i ee 
Watts nickel, a study was made of the effects of 4 | NBS Ww 105 100) | % 
bright nickel. It was found that the bright “i ‘eae de ns - xgcs lies 
nickel deposits caused no error beyond the experi- 16 | Com B | 130 2s ~~ 
mental errors of the gage itself. The accuracy of ~ ‘me od — = si wie 
the gage may be seen in figure 8 and table 1, which po prs Sa aa | ote 
include bright nickel coatings as well as Watts 
nickel. | do | w iw |ms | 43) ms 
The sample must meet certain requirements to = 4 - = ie 
yield satisfactory measurements. An area at least 
l-in. square is required, especially for the stronger * Com refers to commercially plated samples; NBS to tho 
magnet. If this area is unobtainable, the sample NDB ostern to bright alchet, © to Watts nickel 
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TOTAL THICKNESS AS GAGED, INCH X 10-4 


Fiore 8. Accuracy of the composite coating Magne-gage. 


jotted lines represent a 10-percent deviation of thickness obtained by 
from the thickness obtained by analysis. Watts nickel, ©, chemical 


metallurgical analysis; bright nickel, <, chemical analysis 


Thickness of Composite Coatings 





should be placed on a larger steel backing. The 
specimen should have a radius of curvature of not 
less than half an inch. An error of one dial divi- 
sion will cause an appreciable error in thickness. 
For example, with the weaker magnet in the range 
from 0.001 in. to 0.0020 in., one dial division will 
cause an error of 0.00014 in., or about 8 percent, 
if the sample is pure nickel; and with the stronger 
magnet an error of 0.00006 in., or about 5 percent. 
Care therefore must be taken in making the read- 
ings, and in providing an adequate area and a 
sufficient radius of curvature. 

For the initial calibration and subsequent check- 
ing of this gage, standard-thickness samples will 
be provided. For each composition of coating, 
each set will consist of four specimens with dif- 
ferent thicknesses of coating on steel. It is prob- 
able that all requirements can be met by three sets 
of specimens, consisting respectively of (a) pure 
nickel, (b) half copper and half nickel, and (c¢) pure 


copper. 


WAsHINGTON, October 20, 1947, 
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vestigated in eight diverse soil environments 


ratios of zine to steel, 


cathodie protection received. 


re quired to prevent corrosion 


I. Introduction 


‘rior to the present investigation, which was 
ted in 1941, zine anodes had been employed 
or less experimentally by a number of cor- 
sion engineers for the cathodic protection of iron 
| steel pipe lines in local regions with corrosive 
ils. Several installations [1]! had 
en described in the literature, but other reports 
the use of zine anodes were less favorable, rais- 
x the question whether differences in environ- 
nt might not account for the reported differences 
In order to study the effectiveness 


successful 


behavior 
of zine for the cathodic protection of iron and steel 

different soils, the National Bureau of Stand- 
ards in 1941 organized a series of field tests in 
cooperation with eight pipe line companies. The 
plan called for the installation of eight test sites, 
selected to represent a diversity of soil conditions, 
of galvanic units, consisting of an iron or steel 
cathode connected to from one to three zine anodes, 
By varying the number of anodes, the current 
density on the corresponding cathodes was subject 
lo some control. At the conclusion of the test 
the couples were to be returned to the laboratory 


lor measurement of the degree of protection pro- 
vided anc to obtain other pertinent information. 
Figur rackets indicate the literature references at the end of this 


Cathodic Protection with Zinc Anodes 





Behavior of Experimental Zinc-Steel Couples 
Underground 


By Irving A. Denison and Melvin Romanoff 


1¢ behavior of zine anodes for the protection of iron and steel cathodically was in- 


The experimental unit consisted of a small 


steel ring to which was connected from one to three zine cylinders to provide different area 
Corrosion of the steel cathodes was prevented over the test periods 
of from approximately 3 to 6 vears except in one poorly conducting soil and in a very alkaline 
soil. Measurements of galvanic current and open- and closed-circuit potentials made on 
the experimental couples during the course of the test are interpreted in terms of the extent 
Measurements of the apparent current required for cathodic 


protection as indicated by current-potential curves are compared with the currents actually 


Although measurement of the loss in weight of 
the steel cathodes after a given period of exposure 
would establish the degree of cathodic protection 
provided by the zine anodes in the environments 
selected, it was planned also to make several 
electrical measurements as possible alternative 
indications of the protection obtained. Provision 
was made for measurement, whenever the oppor- 
tunity offered, of galvanic currents and electrode 
potentials, and for study of the potential of the 
cathode as a function of applied current. 

Subsequent to the installation of these experi- 
mental couples, a number of installations of zine 
anodes on pipe lines have been made. In these 
recent installations attention has been directed 
chiefly toward maintenance of the most favorable 
environment around the anodes for the maximum 


output of current [2, 3, 4}. 


II. Properties of Soils at Test Sites 


The properties of the soils at the test sites, 
recorded in table 1, indicate that the soils are 
highly diversified. The reaction of the soils 
ranges from the very acid Susquehanna clay, 
pH 4.3, to the strongly alkaline Chino silt loam, 
pH 9.2. The data indicate that the soils cover a 
wide range of composition and total content of 
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soluble salts. For example, in the Otero clay 


Chino silt loam (76) is unique in contai: 


£ Sodium 


(site 74), calcium sulfate is present in high con- carbonate, the presence of which accou ts for thp 
centration, but in the silt loam at Albuquerque, relatively strong alkaline reaction o! this qj 
N. M. (75), sodium sulfate predominates. The (pH 9.2). 
TaARBLe 1. Properties of the soils at the test sites 
—_ Potal Composition of water extracts— milligram equivalents OO ¢ 
tivity acidity 
Site Soil type Location Aeration pH ns (mg-eq d 
we F | eof sig, NAtK cya we CO; HCO; Cl SO, NO 
soil as Na 
ohm-cm 
ra Mahoning ilt West Austin- Fair 7.1 2, 582 4 0.37 0.22 0.37) O.2 0.33 | 0.0380) 0.27 
loam town, Ohio 
F 
72 Papakating silty Deerfield, Ohio Very poor 7.2 762 17 4 R11 7.49 WS 11. 58 \ 
clay loam iM 
73 Wabash silty clay East St. Louis, Ill do 6.8 521 6 67 0.44 2.50 fis 1.75 0.020 1.9 
Joam 
74 Otero clay loam Rocky Ford, Colo Fair 7.3 436 3 Wo 4.72 18.42 4.24 0.77 38 «626. 22 
ry Silt loam Albuquerque, N do &4 379 | Alkaline i7 5.80 O=S7 0.16 6 70 5. 58 
Mex 
76 Chino silt loam Los Angeles, Calif Good 9.2 2, 650 ck 40 1M i 0.16 1, 23 O68 O.15 
77 Susquehanna Louisville, Miss Fair 43 69,39 42 0» 80.39 4 40 O47 0.08 
clay. 
7s Caddo fine sandy Latex, Tex Poor 4.5 821 24 70 1.06 Is) 60.31 S2 74 


loam 


* Analyses of water extracts by L. Schubert, Chemistry Division. National Bureau of Standards, 


With respect to aeration, wide differences are 
exhibited. Marked reducing conditions, as shown 
by measurements of oxidation-reduction potential, 
are represented by the Papakating silt loam (72). 
The soil at the test site at East St. Louis, Ill. (73), 
is also very poorly aerated, the water table being 
the surface. Oxidizing conditions are 
represented by the test sites at Albuquerque, N. 
Mex. (75), and Los Angeles, Calif. (76). 


III. Experimental Zinc-Steel Couples 


A zine-iron couple for use in field tests should be 
so designed that the data obtained may be applied 
to practical installations. Although the circuit 
resistance of a small test couple will necessarily 
differ greatly from that of a practical installation, 
it can be shown that if the appropriate dimensions 
are maintained in a medium of large extent and 
with the same resistivity, the current densities on 
the cathodes will be the same for the two instal- 
lations. 

The design of the experimental cathode and the 
installation of the couple at the test sites were 
based on theoretical considerations and measure- 
ments of current distribution as affected by the 
form of the cathode, horizontal spacing, and depth 
of the cathode below the surface of the ground. 


close to 
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All of these measurements were made in a ta) 
of such size relative to the size of the test coup) 
that the effect of the walls and bottom of the ta 
on current distribution could be neglected. E: 
effects were avoided by bending a steel rod in th 
form of an open ring, forming essentially what \s 
known as a toroid or anchor ring (fig. 2). I 
distances from a small anode equal to or great: 
than the diameter of the ring, the maxinun 
difference in current density over the cathode was 
about 10 percent. The effect of variations in tly 
horizontal spacing between cathodes on curren! 


distribution was negligible at distances great 
than the diameter of the ring. Similarly, at ths 
distance from the surface, no effect of the surfa 


on current distribution could be detected 
Cathodes for the field tests were constructed b) 
bending a sufficient length of steel rod 0.5 in 
diameter to form a ring having an external dian 
eter of 10 in. A small hole was drilled throug! 
one end of the curved rod, and, after the ring ha: 
been weighed, the end of a No. 14 rubber-covere 
copper wire was soldered into the hole. A coatiy 
of a bituminous material was then applied to t! 
soldered joint. The surface area of the ring ¥& 
48 sq in. Because field tests had shown that th 
composition of the low-carbon steels common) 
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ysed in the manufacture of pipe for underground 
oryice has a negligible effect on corrosion rate, 
no effort vas made to secure steel conforming to 


ome definite specification for the preparation of 
she eathodes, and steel that was readily available 
was used. 

Another problem in the design of a suitable 
experimental couple is the maintenance of definite 
ratios of the areas of zine and steel throughout the 
djuration of the test. This condition is difficult to 
produce in experimental couples, because the 
change in area of a small anode for a given rate of 
penetration by corrosion would be _ relatively 
oreater than the change in area of the large anode 
in a practical installation for the same rate of 
penetration. However, by exposing only the 
base of a evlindrieal zine anode to the soil, the 
area of the zine and hence the zine-steel area 
ration could be held reasonably constant. This 
result was accomplished by covering each cylin- 
drical zine anode with a housing, which consisted 
of a wide-mouthed glass bottle, slightly larger in 


from stor 


diameter than the anode, from which the base had 
been removed. With a zine cylinder of sufficient 
weight, firm contact with the soil was assured, the 
cylinder being free to move downward as its base 
corroded. 

The cylindrical anodes were 1.75 in. in diameter 
and 3.75 in. in height. The exposed area of the base 
of the anodes was 2.4 sq in. After the anodes had 
been weighed, the cylindrical surface was coated 
with a bituminous paint to prevent local corrosion, 
and a length of insulated copper wire was soldered 
to one end. The nominal percentage composition 
of the zine used for the anodes was: Pb, 0.007; 
Fe, 0.005; Al, 0.00; Zn, 99.98 (by difference). 

The plan of installation of the couples at the 
test sites is shown in figure 1. As is shown in the 
figure, the electric circuit was completed by means 
of binding posts attached to a copper strip. To 
protect the terminals from corrosion, the copper 
strip was placed in a glass bottle from which it 
could be removed when electrical measurements 
were to be made. 
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Figure 1. Arrangement of zinc-steel couples at the test sites. 
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IV. Cathodic Protection as by Indicated protection was obtained at six of the eig) test sy. 
Corrosion Measurements namely 71 to 75, inclusive, and 78. thous! 


= ; , zine-steel area ratio of 1:20 was suffic for 
Che losses in weight and the depths of the deep- a ” 9 ‘ s suffi _ 
. ° aq’ Ss ‘Ss 7 73 i 7s i "OD 0 ry 
est pits on the steel cathodes connected to the zine tection at sites 74, 75, and 78, an area | of 


. ae ; re ired ¢ ites 7 79 79 
anodes are shown in table 2, together with similar was required at sites 71, 72, and 7%. 1© CO] 
data for the unconnected steel rings and zine eyl- tion of the connected and unconnected el rings 
inders. It is evident that over the test periods and the bases of the zine eylinders from sites > 
of from 3 to nearly 6 vears, practically complete and 78 is shown in figure 2. 

Parte 2 Weight losses and martmum pit depths on connected and unconnected electrodes 
2’, Deep pit le than 6 mils: Mf, shallow metal attack no definite pits; S, uniform corrosion— no reference surface for pit me 
Weight } 
Duratiot Number Ma } 
‘ posure ’ f cour sine ane : prerne 
N l Cathode I ki 


SITES AT WHICH PROTECTION WAS OBTAINED WITH A 120 ZINC-STEEL AREA RATIO 


ik neonnected l 2 


Connected l .2 yo. 


Albuquerque, N. Mex = ws) 


| $14 Uneonnected “7 os s4 
14 Connected l Ls i 1 
* i l 
| ia | i 2 0.8 SN 
14 tl l 14 tit 
{Uneconnected 1 om P 
i¢ or cted ! ue rT 
i Kock I 1, ¢ s 
} lo » 25.2 as 
to as - 
SITES AT WHICH PROTECTION WAS OBTAINED WITH A L110 ZINC-STEEL AREA RATIO 
Uneonnected l 235.0 “2 
n ~ | " a \ onnected 1 2 Is4.9 
} do 2 1.7 | ’ 
{ do ; 5.2 Mw) 4 ! 
. neoonnected ! 7.1 oo ‘ 
Connecter 1.2 25.1 
West Austintown, Ot 12 nnected ! ! * 
| do 2 7.6 7.8 
{ do ; 7.4 15.0 
' neonnected l MS 0.6 ~ 
Connected 1 40 16. 1 { 
2 leerfiel hie 5 
2 Deerfield, Oh Is | ote » 29 30 Ml 
do 4 29 3.1 


SITES AT WHICH INCOMPLETE PROTECTION WAS OBTAINED EVEN WITH A 1:67 ZINC-STEEL AREA KA 


U neonnected ! 45.9 4 

. Connected l 27.3 8 ‘ 

76 | Los Angeles, Calif 1.49 : <p P 
do 2 17.1 39.1 ( 
do ; 5.3 72.8 ! 

1 l 2 
Uneconnected 1 58.3 0.7 s 
_ Connected l 47.2 SS on 
77 | Louisville, Miss 5. 67 > 
do 2 21 19.1 M4 
do ; w.0 M6 f 


* Based on weight loss of unconnected ring 


>» Couple on open circuit for an indefinite period. 
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higtre 2. Condition of connected and unconnected steel cathodes and zine anodes at two test sites. 


¢l ring and zine cylinder exposed at site 78 for 3.1 years; #, ring connected to zine anode at site 78 for 3.1 years. Zn-Fe area-ratio 1:20 
teel ring and zine cylinder exposed at site 75 for 5.8 years; D, ring connected to zinc anode at site 75 for 5.8 years Zn-Fe area-ratio 1:20 
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The primary environmental factors that affected 
the behavior of the zine anodes are indicated by 
the data of table 1. The soil properties that 
appear to have the most inhibitive effect on the 
anodes are high resistivity and high alkalinity. 
The fact that protection was not obtained at site 
77 is no doubt caused by the high specific resistance 
of the soil, 9,370 ohm-cm, at this site. Although 
the relatively high resistivity of soil 76 (2,650 
ohm-cm) was probably an important factor in 
the poor performance of the zine anodes at this 
site, the high concentration of hydroxyl ions in 
this soil, indicated by the pH value of 9.2, prob- 
ably tended to inhibit the galvanic corrosion of 
the zine anodes. With regard to the remaining 
soils, it would seem that the composition of the 
water soluble material was unimportant, provid- 
ing the resistivity of the soil was relatively low. 
Improvement in the performance of zine anodes 
in poorly conducting soils and in strongly alkaline 
soils deficient in chloride and sulfate ions can 
probably be obtained by surrounding the anodes 
with materials, such as calcium sulfate, which 
produce soluble corrosion products of zinc. This 
practice is advocated by Mudd [3], Morgan [5], 
and others. 

The data obtained from site 72 throw light on 
the somewhat controversial subject of whether 
cathodic protection is practical in highly reducing 
environments in which microbiological activity is 
an important factor in corrosion. In such en- 
vironments it is assumed that high-resistance oxide 
films, which normally cover cathodic areas, are 
converted to sulfide films of relatively low resist- 
ance, and that the effect of this conversion is to 
cause a large proportion of the protective current 
to be bypassed by the cathodic areas, thereby 
requiring an abnormally high current for protec- 
tion. By referring to the data in table 1, it is seen 
that the soil at site 72 contains a relatively high 
concentration of sulfate ions. The reducing 
nature of this soil is shown by the presence of 
sulfide in the corrosion products of steel at this 
location and also by measurements of the oxida- 
tion-reduction potential. Under these conditions 
it is noteworthy that adequate protection of the 
steel cathodes was obtained with a moderate 
area-ratio of zinc to steel, 





V. Cathodic Protection as Indi-ateg by 
Electrical Measuremeni. 


1. Galvanic Currents and Open-and-( |osed. 
Circuit Potentials 


The data reported in table 3 consist . Measure. 
ments made after various periods of exposure. 
galvanic currents, potentials of the couples 9 
closed circuit, and open-circuit potentials of ¢, 
steel rings and zine cylinders. Currents woe 
measured by the zero-volt-loss method |6, 7). 44, 
IR drop in the millimeter being compensated }) 
an equal and opposite voltage by means of , 
battery and a_ variable Potentia| 
measurements were measured with a potent. 
ometer-voltmeter. A copper-copper sulfate hl 
cell placed about 10 feet from the couple was us» 
After measuring thy 
galvanic currents and the closed-circuit potentia 
of the couples, the circuits were opened for 15 jy 
20 minutes, and the open-circuit potentials of ¢ 
zine anodes and steel cathodes were measured 


resistance, 


as a reference electrode. 


In the absence of polarization and muaty! 
influence of the anodes, the galvanic curren 


produced by connecting, to a steel cathode, on 
two, or three zine anodes in parallel would be ev- 
pected to be in the same ratio as the number o/ 
An approach to this ratio is shown by thy 


75 immediatel 


anodes. 
currents that were measured at site 
after the installation was made, the currents stand: 
ing in the ratio of 1:2:2.6. Similarly, the aver- 
ages of the currents measured at site 72 for the 
entire period of the test are in the ratio 1:1.9:27 
As a matter of interest, the total losses in weigh! 
of the respective numbers of zine anodes for the 
5-year test period are in the ratio 1:2.0:2.7, show- 
ing that the entire loss in weight of the anodes 
could be accounted for by the galvanic currents 
as has been previously indicated. The fact that 
the currents were not in the exact ratio of 1:2 

indicates some influence between the anodes con- 
nected to the same cathode. 

At the test sites where polarization of tl 
cathodes was marked, the couples that containe 
three anodes produced little, if any, more curre!! 
than the couples that contained only two anoce 
Furthermore, two anodes often produced col 
siderably less than twice the current produced 
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TARLE 3. 


‘| rings having Zn: Fe 


Potential and current measurements 


Potentials 


Zine cylinders havi 
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ng Zn: Fe 


Zine-steel couples having 


area ratio of area ratio of Zn: Fe area ratio of 
1:10 1:67 1:20 1:10 1:6.7 i:m 1:10 
PROTECTION WITH 1:20 ZINC-STEEL AREA R ATIO 
r t c r r t ec 
71 0. 70 0.74 111 1.15 1.17 
» . 82 1.08 0. 92 1.00 
SS 93 1.00 1. 10 1.03 
a) 58 5s 0.91 0.92 0. 92 
95 v6 6 1.04 1.06 1.05 1.00 1.00 
91 as 93 1.09 1. 10 1.10 1.05 1.05 
sO 7s 82 1. 10 1.10 1. 06 1.00 1.05 
76 83 74 1.14 1.15 0.96 0.96 
6s vl 
Sl 1.08 91 
74 1.18 
1.04 1. 08 
1.04 1.05 
wo ®.72 1.03 1.08 *1.09 1.10 
PROTECTION WITH 1:10 ZINC-STEEL AREA RATIO 
Wt 0.95 0.85 1.0 1.11 1.14 1.01 1.03 
6s “4 68 1.05 1.09 1.06 0.90 
59 58 fo 1.09 10 1.10 
62 5 io 1.11 1,12 1.13 0. 76 a.) 
79 M4 
M) SS MB 1.04 1. 26 12 55 6y 
. 68 74 93 1.04 1. 08 1.11 76 . 86 
73 73 73 1.14 1.14 1.14 
78 al 75 1.02 1.06 1.05 79 a) 
76 80 77 1.02 1.07 1.05 77 S3 
71 76 76 1.02 1.06 1.06 72 sO 
. 62 71 73 0.91 1.05 1. 06 4 72 
8 63 75 82 1.08 104 ~ 65 
INCOMPLETE PROTECTION 
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Galvanic currents having 
Zn: Fe area ratios of 
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1.32 13 
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0. 86 2.00 1. 61 
ba 1.79 1, 41 
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1) 1.89 1.40 
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7.2 
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66 * 6.00 | 38 
26 4.6 41.60 
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3.45 20 5.00 
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. 35 i 1.17 
‘4 .97 1.34 
52 “M4 0. 08 
4 31 4y 
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one anode. These observations are illustrated by 
the ratio of the average currents at site 78 for one, 
two, and three anodes, namely, 1.0:1.5:1.5. As 
would be inferred from this relation, cathodic pro- 
tection was readily accomplished at this site, a 
zine-iron ratio of 1:20 being sufficient to prevent 
corrosion of the cathode (table 2). 

The open-circuit potentials of the cathodes are 
seen to be highly variable, ranging at various 
sites from 0.14 to 0.96 volt. This is in marked 
contrast to the potentials of the zine anodes, 
which, with a few exceptions, were remarkably 
The marked differences in the poten- 
tials of the steel cathodes can be interpreted in 
terms of the local cell theory of Miller [8]. Ac- 
cording to Miller, the potential of a self-corroding 
surface is given by the equation. 


constant. 


E-E, 7 Re +E, Ra ; 

tc-+ Ra Re+ Ra 

where 

= observed potential 

i, = potential of the anodic areas 

k= potential of the cathodic areas 

Re= resistance of the cathodic film 

Ra=resistance of the anodic areas, i. e., at 

pores. 

This equation shows that if the resistance of the 
cathodic areas is very high relative to the resist- 
ance of the anodic areas, the potential of the 
anode only, /,, is measured, and vice versa. 

On the basis of Miiller’s equation one might 
reasonably interpret the relatively high values of 
potential measured in soils 73, 74, 75, and 78 as 
indicating that the potential of the anodic areas, 
Similarly, the rela- 
tively low values for the potential of the rings in 
would be taken to indicate that 
influenced to a 
greater extent by the potential of the local cath- 


Ey, was being approached. 


soils 76 and 77 
these values were somewhat 
odes Ep. 

According to the criterion of Mears and Brown 
(9] for cathodic protection, namely, that corrosion 
is prevented when the potential of the local cath- 
odes is brought to the open-circuit potential of the 
local anodes, one might infer that a slight in- 
crease in the relatively high potentials of the iron 
cathodes in soils 73, 74, 75, and 78 would be 
sufficient to prevent corrosion, because the ob- 
served potentials are already probably very close 
to the open-circuit potentials of the local anodes. 
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By the same reasoning, a proportions: |y 


. LTeater 
change in the nobler potentials of the thodes j 
soils 76 and 77 would be necessary «> prevens 


corrosion. 

By comparing the open-circuit poten: ials of +, 
cathodes in soils 73, 74, 75, and 78 with the wae, 
ponding closed-circuit potentials, it can be ox 
that by connecting the zine anodes to the oo 
cathodes, the potentials of the latter were broyel: 
close to the potentials of the zine anodes rf 
these latter potentials are almost certainly pop 
anodic than the potentials of the local anodes 
the steel rings, the criterion for cathodic protec 
suggested by Mears and Brown has apparent) 
been satisfied. However, because of the inelysin) 
of some IR drop, the values of closed-curpey 
potential indicated are probably somewhat greate: 
than the true potentials of the local anods 
Because of the more cathodic potentials of tl 
steel rings at sites 76 and 77, small changes ) 
potential are seen to have been insufficient ; 
polarize the rings to the potentials of the lo 
anodes, and as a consequence, corrosion was po! 
prevented. The relatively low closed-circuit po- 
tentials of the couples at sites 76 and 77 indicate 
that polarization of the zine anodes was also « 
important factor in the failure to achieve cathod) 
protection in these soils. 


2. Current-Potential Curves for the Stee] Cathodes 


In addition to the electrical measurements ¢- 
scribed in the preceding section, current-potent 
curves for the cathodes were obtained at most: 
The relation between the potent 
of a corroding element and the applied current has 


the test sites. 


been suggested as a practical means of measuring 
the current required for the protection of iron a! 
steel cathodically. As 
caused to flow toward a corroding surface, 
potential remains constant over a range of currents 
after which the potential changes in proportion | 
the logarithm of the current. 
the values of potential are plotted on the vert 
axis against the logarithm of the corresponditz 
currents on the horizontal axis, the points up te 
certain value of current will lie along a horizon 
line. Beyond this value of current and all 
more or less transition, the points fall along 


increasing currents 


Consequently 


second straight line having an appreciable slop 


The current corresponding to the point at wl 
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departs from the horizontal relation 
the curve for hydrogen overvoltage 
cen by Evans, Bannister and Britton 
n {11], and Ewing |12] as the minimum 
will prevent corrosion at least under 
Jarexperimental conditions. However, 
as mans current-potential curves depart con- 
siderably from the ideal curve, the interpretation 


the pote! 
and follo 
has been 
10), Pear 
eurrent U! 
the parti 


of eurrent-potential curves generally in terms of 
the current required for protection is uncertain. 
js it seemed probable that at least one of the three 
cathodes at each test site would be just protected 
cathodically, comparison of the values of the 
winimum protective current estimated from the 
current-potential curves and the galvanic currents 
that flowed to such protected cathodes would in- 
dieate the manner in which current-potential 
curves had best be interpreted in terms of the 
current required for cathodic protection. 

Before proceeding with the interpretation of the 
current-potential the experimental 
couples, it is preferable to consider similar curves 


curves of 


obtained under conditions that permit direct com- 
parison between the values of the protective cur- 
rent indicated by the curves and the currents 
actually required to prevent corrosion. In figure 3 
are current-potential curves for 
electrodes in contact with two soils contained in 
The 


trodes of the cell consisted of two segments cut 


shown steel 


elec- 


a specially designed corrosion cell. 


from a disk of low-carbon sheet steel. The seg- 

















—_—- 0.25 
—} 0.20 —j| 0.25 
°o 
+ 0.15 —{ 0.20 € 
| 
sy ~ 0.10 + 0.15 = 
: ° 
E + 0.05 -0.6 7 O10 
9 3 
° o + 0.08 
x —_ 
ro) -0.7 do 8 
0” 
% + 0.08 
Cell A Cell B 
57-08-- Open-circuit potential of anode -0.8e-— Open-circuit potential of anode 
>. Initial — 0.670 initiai-— 0.700 
2 Final —0.650 Final —0.700 
° 
@ -o9 | | L j | ms 4 " | | | 
0.02 0.058 010 0.20 0.50 1-0 0,02 0.05 0.10 0.20 0.50 1.0 
Current —ma Current — ma 
Figure 3. Current-potential relation for differential-aeration cells with steel electrodes. 
@ Potential; cell current. 
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ments, separated by a thin bakelite strip, were 
placed side by side in the end of a Bakelite tube 
having the same internal diameter as the disk 
from which the segments were cut. The segments 
were aerated differentially by covering one seg- 
ment with soil which, after being moistened had 
been mechanically worked to remove all air spaces, 
the other segment being covered with soil in its 
natural condition. After bringing the soil to a 
definite moisture content, the cell was placed on 
circuit. The potential of the electrodes 
connected externally was measured free of JR 
drop by the method of Hickling [13] the measure- 
ments being made during very short interruptions 
The reference 
trode was so placed that further separation from 


closed 


of the polarizing current. clec- 
the test electrodes being measured had no effect 
on the observed values. In addition to the po- 
tential the cell 
measured as the applied current was increased, a 
The 
open-circuit potentials of the anode initially and 
after reduction of the cell current to zero are in- 
dicated in the figure for cells A and B. 

In addition to the horizontal part previously re- 


of the electrodes, current was 


“zero-resistance’’ milliammeter being used. 


ferred to, the curves are seen to consist of two 
straight sections that differ in slope. Taking the 
lower curve to represent the overvoltage curve for 
evolution of hydrogen, it would seem to follow 
that the curve the cathodic 
reduction of oxygen. This interpretation of cur- 


middle represents 





























rent-potential curves for the cathode is essentially 
that of Evans, Bannister, and Britton [10). 

It will be noted in the curves representing the 
behavior of cell A that the value of applied cur- 
rent that was required to reduce the cell current 
to zero coincided exactly with the discontinuity 
in the current-potential curve. In cell B, on the 
other hand, considerably more current was _ re- 
quired to bring the cell current to zero than is 
indicated by the discontinuity in the current- 
potential curve. By referring to the values of the 
open-circuit potentials of the anodes, it is seen 
that if the open-circuit potential at the anode 
corresponds to the over-all potential of the com- 
bined anode and cathode, as in cell A, the protec- 
tive current is indicated by the first discontinuity 
in the current-potential curve. However, if the 
over-all potential assumes lower or more cathodic 
values, the first discontinuity indicates a lower 
value of applied current than that actually re- 
quired to prevent Incidentally, it 
should be noted that no more current was required 
to reduce the cell current to zero than that which 
flowed originally in the corrosion circuits. 

On the basis of a priori considerations and the 
laboratory measurements that have been de- 
scribed, it seems reasonable to consider the mini- 
mum protective currents as corresponding to the 
departures of the potential from the constant values 
indicated by the horizontal parts of the curves. 
Although these values of current would be in- 
sufficient to protect initially those cathodes whose 
potentials were considerably less than the poten- 
tials of the local anodes, this deficiency would be 
compensated for by the tendency of the current, 
applied continuously over a long period, to reduce 
the corrosiveness of the environment and hence 
the current requirement. Because of this tend- 
ency, for which evidence will be given later, 
the value of current indicated by the discontinuity 
in the current-potential curve might actually over- 
estimate the current required over a long period 
for the special case in which the observed potential 
is determined by the potential of the local anodes. 

The method used in obtaining the first series 
of current-potential curves, at sites 71 and 72, 
involved measuring the potential including the 
IR drop between the cathode and the reference 
electrode, calculation of the resistance for each 
value of applied current by observing the change 
in potential corresponding to an increment of cur- 


corrosion. 
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rent, and subtraction from each value of £~ jp 
the calculated value of the ZR drop Ajj sub. 
sequent measurements were made wit the ny 
method described by Pearson [""], in which , 
IR drop is balanced out of the cireuit and | 
true potential read directly. Typical curry. 
potential curves obtained with the cathodes 
the zine-steel couples are shown in figure 4 

In the curves obtained at most of the test xj 
the middle linear sections referred to in the ix 
cussion of figure 3 are well defined. It is possi, 
that this section is obscured in the curves for sin 
71 and 72 because of the successive changes y 
potential, which may have been required to olin. 
nate the local currents in corroding areas in whic 
because of their geometrical configuration, ‘| 
current density was not readily 


, 


protective 
attained. 
For comparison with the values of the minim 
protective current obtained from = the curry. 
potential curves, the average galvanic curreys 
that flowed toward the protected cathodes wu 
calculated from the following sources of daty 
(1) Periodic direct measurements of curren 
(2) losses in weight of the unconnected iron rings 
and (3) losses in weight of the connected 2 
anodes. The total quantity of electricity thy 
flowed in each couple during the test period ww 
first calculated, and from these values the avery 
currents were obtained. Fortunately, the losses 1 
weight of the unconnected zine anodes were vw 
low (table 2) so that no appreciable error was ma 
in caleulating the galvanic current from the gros 
loss in weight of the anodes. The caleulay 
values of average current are shown in table 4! 
comparison with the minimum protective curren's 
Because the cathodes at sites 73 and 75 had 
ceived cathodic protection for nearly 6 year 
before the protective currents were meas 
comparisons between the minimum and aven: 
currents at these sites are not valid for evaluat 
the accuracy of the protective currents. 1! 
data for these sites are ineluded in the tabi 
order to illustrate the effects of time and curn 
on the protective currents, which will be discus 
later. 
The data for the test sites at which compar” 
between the minimum protective currents ani | 
respective average currents are valid, namely. *! 
71, 72, and 78, are seen to be of the same orde! 
magnitude, the average currents being genem™! 
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the cathodes of the zinc-steel couples. 
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TaBLe 4. Comparison of minimum protective currents as 
indicated by current-potential curves with calculated values 


as average curre ni 


Average current 
calculated from 


Age of couple . ; 
Zine at time otf " Mea- Loss of Effec 
steel Protective P tivenes 

Site measurement sure- Lossof weight 

are current of pro- 
of protective ments weight of un- 
ratho tection® 
current of gal- of zine con- 
vanic cylin- nected 
cur- ders steel 
rent rings 
Years ma ma ma ma Percent 
|! yD “73 o4 os os 77 
71 1-0 73 ; 7 " O68 S7 
1:6.7 7 s ST 
|! a» OWS OL45 18 064.2 4.1.2 ‘ ; 

72 1:10 13, 3.01, 5. 18 1010 7) 7 1.2 xo 
liew.z IB SOLS IS L2OSO7 1.4 s av 
|! 2 x 15 0 st 

73 1:0 2.2 44 nw 
l 6.7 42 us 
|! a» 0.6 O5 us 

74 1:0 82 1 »>.5 13 
rf 6.7 w 
|! 2) 7 a7 

7 1:10 wt o4 46 2.1 us 
1:4.7 4.0 w 
|! » 7) 10 Ls& 1.3 a7 

7s 1:0 2.1 14 24 aw 
li 6.7 21 LY us 


* Based on weight of unconnected specimen 


» Couple found on open circuit 


somewhat greater than the respective minimum 
values, as would be expected. This general agree- 
ment between the minimum and average values of 
current does not necessarily mean that the point 
on the current-potential curve at which the poten- 
tial of the cathode departs from the constant 
potential indicates the value of the applied 
current that is just sufficient to reduce the cor- 
rosion currents to zero. In faet, it is altogether 
possible that considerably higher currents might 
have been required to effect this result initially. 
Prevention of corrosion at values of applied current 
somewhat less than the initial corrosion currents 
could readily occur if current applied over a long 
period of time so reduced the corrosiveness of the 
environment that the minimum current require- 
ment was correspondingly reduced. In other 
words, while possibly underestimating the quantity 
of current initially necessary to eliminate the 
current associated with corrosion, the method of 
estimating the protective current gives due weight 
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to the current-time effect in reducing 
required for protection. 

Evidence that the continuous ap; 
current cathodically tends to reduce {\\e curr 





required for protection is afforded by tho daty & 7 
site 75 (table 4) in which it is seen that after neg) 





6 vears the protective current is only from oy fb 
tenth to one-fifth of the average current lepend 


on the data 


currents. 


used in calculating the avery 
Even if the protective current repor 
for this site is considered to be indicated by yy 
intersection of projections of the horizontal part Meo! 
and the straight section of greatest slope (fig. 4 





the value of the protective current estimated 
this manner doubled. Oy) 
evidence of the reduction in the required cury 
with time is afforded by the data for site 73, and w 
a certain extent by the data for site 72, althow! 
these latter data are somewhat inconsistent bss 
It is realized, of course, that the procedur 
attempting to interpret current-potential curves 
terms of calculated values of average curren! 





would only be 


approximate at best. A much more satisfacton 


procedure would be to apply to a group of expen- 


mental cathodes a series of currents, the values ’ 
which would be based on the apparent mininw ' 
protective current as obtained from a currew- 
potential curve. Asa matter of fact, two insta 
tions based on this procedure are in operation : 
the present time. , 
VI. Summary 
in 
The cathodic protection of steel by means > 


zine anodes has been investigated in eight si) 
The cathode of the experimental galvanic cou 
was a steel ring having an area of 48 sq in 
which from one to thre 
anodes to provide different area ratios of zi 


were connected 
steel. In six of the eight environments, corros 
of the steel cathodes was prevented over thi 
periods of from approximately 3 to 6 years 
though a greater area of zine was require 
certain soil envircnments than in others. | 
soil conditions that tended to inhibit the corres 
of the zine anodes galvanically were high 
tivity and high alkalinity. 

Measurements of electrode potentials are 0! 
preted in terms of the extent to which cathe 
protection was provided. The increase in po! 
tial, which resulted when one or more zie abe 
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ed to the iron rings, was found to 
ention of corrosion only for those 
athodes se potentials were already strongly 


respect. to the reference electrode. 


nadie W 
ythodes whose open-circuit: potentials were less 
nodic W not protected when connection to 
ye anodes produced similar changes in potential. 
The minimum protective currents as obtained 


om current-potential curves for the cathodes 


ere ol the 
current of the galvanie couples calculated 


sume order of magnitude as the aver- 


rom direct measurements of current, from = the 


eht of the zine anodes, and from the 
The 


between these values of the 


Ines In We 
n weight of the unconnected steel rings. 
mneral agreement 
rage current is interpreted as indicating that 
w environments studied no more current Is 
iired for protection than is equivalent to the 
oss Hl weight produced by normal corrosion. 
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Disintegration of Antimony-124 


By Irving Feister and Leon F. Curtiss 


The radiations from radio antimony of 60-day half-period Sb'*, have been investigated 


in a magnetic lens electron spectrometer. 


The beta-ray spectrum was found to have two 


components with maximum energies of 0.57 +0.02 and 2.24 +0.05 million electron volts. 


The gamma-ray spectrum has two lines, one at 0.60 +0.01 and the other at 1.69 + 0.02. 


million electron volts. 


It appears quite certain that the 0.60 Mev gamma ray originates 


from Sb", and therefore these measurements substantiate the disintegration scheme pro- 


posed by Meverhof and Scharff-Goldhaber [1],' with a small revision of energies. 


I. Introduction 


The radiations from 60-day Sb™* have been 
tudied by several investigators. Hales and 
ordan [2] used a 180° spectrometer to study the 
eta spectrum of Sb'*. They report the presence 
f two components with maximum energies at 
7420.03 and 2.45+0.07 million electron volts 
Mev). Miller and Curtiss [3], using a thin mag- 
etic lens spectrometer, also observed a complex 
via spectrum, but with maximum energies at 
33 and 2.25 Mev. 

The most recent investigation of the beta and 
winma radiations is that of Meyerhof and Scharff- 
Wldhaber [1] by means of coincidence-absorption 
They report the presence of two 
ela-ray components with energies of 0.7 and 2.4 


easurements, 


lev; and two gamma rays with energies of 0.6 and 
7 Mev. A table summarizing the results of 
brevious studies of Sb'* is also given by them. 
Although the gamma radiations from Sb" had 
been studied by a number of investigators prior 
i these authors, none of them had reported the 
presence of a 0.6-Mev gamma ray. With one ex- 
eplion, these prior reports indicated only one 
amma ray with energy about 1.7 Mev. The 
present provides further information re- 
furding the origin of this 0.6-Mev gamma ray. 
The energies of the beta and gamma rays from 
b'* reported here were obtained by means of a 
pectrometer of the thin magnetic lens type. This 
mstrument has been described by Miller and 
‘urtiss The results obtained are in partial 


paper 
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agreement with those previously reported, but 
differ significantly in certain respects. It is be 
lieved that the type of spectrometer used by the 
authors provides a more accurate determination 
of the Sb'™ beta and gamma energies than can be 
obtained from absorption measurements such as 
used by Meyerhof and Scharff-Goldhaber [1]. 


II. Preparation of Sources 


To obtain radioactive Sb'* for these experi- 
ments, a sample of antimony, estimated to be 
about 99.95 percent pure, was prepared at the 
Bureau of Standards. This sample was then 
sealed in a quartz capsule and irradiated with 
slow neutrons in the Clinton Laboratories pile at 
Oak Ridge, Tenn. Since ordinary antimony con- 
sists of about 56 percent of Sb’ and 44 percent of 
Sb'™, the resultant reactions Sb™ (n, y) and 
Sb" (n,y) produce a mixture of 2.8-day Sb'” and 
60-day Sb'* [5]. 

The preparation of the beta and gamma sources 
used in the spectrometer has been described in 
detail in a previous paper [6]. The same methods 
were used here. To prepare a beta source, the 
antimony crystals were first ground up with a 
Carboloy mortar and pestle to a fine powder. A 
small amount of this powder was then deposited 
on a thin aluminum foil moistened with dilute 
glyptal solution. 

The gamma source was prepared by placing a 
relatively large amount of the antimony crystals 





! Figuresin brackets indicate the literature references at the end of this 
paper 
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in a brass capsule, the opening of which was then 
Apiezon-Q wax. A 
uranium foil (42 mg/cm*) was used to convert the 


sealed = with radiator of 
gamma rays from Sb"* into photoelectrons whose 


energy can be measured in the spectrometer. 


III. Beta-Ray Spectrum of Sb" 


The beta-ray spectrum was determined about 6 
months after receipt of the source from Oak 
Ridge. The amount of 2.8-day Sb’ left after 
this long an interval is completely negligible, so 
that the remaining activity must be due to 60-day 
Sb'** beta spectrum ob- 


Figure 1 shows the 
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Fieure 1 Primary beta-ray spectrum of Sb! showing the 
nlensity plotted against Ip. 
The Ky peak probably due to internal conversion electrons from a 0.00 
Me " 7 
. ah . , . 
tained. The quantity \ represents the relative 


intensity over equal intervals of //p (gauss-cm). 
It is equal to the number of counts per minute in 
the Geiger-Miller counter divided by //p. 

The small A, peak in figure 1 is no doubt due to 
internal conversion electrons produced by a 0.60- 
Mev gamma ray, which will be discussed later. 
Omitting this peak, it is apparent that the beta 
spectrum of Sb'* consists of two components. 
The first part of the curve, up to the A, peak, is 
due to the sum of the two components; the re- 
mainder of the curve, beyond the A, peak, is due 
to the component alone. Un- 
fortunately, the A, peak occurs in the vicinity of 
the “break” in the beta distribution curve, which 
indicates the end point of the lower-energy beta- 
ray group. 


cr ‘T-o rry 
highs r-energy 


This tends to obscure the location of 
this end point. 

If we neglect the A, peak, however, and extrapo- 
late the parts of the curve immediately preceding 
and following this peak, their intersection is found 
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to lie at Hp=3,175+75 gauss-em. This q, 


nal igh 
responds to an energy of 0.57+0.02 | [ey 


higher-energy component approaches re 
asymptotically, which makes its end pout diffiey) 
to determine by direct inspection of figure |. fy, 
this purpose, therefore, we make use of jhe F 
plot shown in figure 2, which will be discusse 
detail in section IV. 
The Fermi plot 
presence of two beta-ray components. The & 


again indicates clearly 


peak of figure 1 has been omitted from figure 2 
indicated by the central broken portion of 


curve. The extrapolated portions of this | 
plot give the end points of the two beta compo: 
as 0.58 +0.02 Mev (in agreement with the \ T 
obtained from fig. 1) and 2.24+0.05 Mev. T fb 
values are lower than those obtained by His fie’™ 


and Jordan (0.74 and 2.45 Mev) {2}, but 
within the limits of experimental error with | 
of Miller and Curtiss (0.53 and 2.25 Mey 
The Fermi plot of figure 2 does not resu 
straight line curves, in contrast with the resulis 





rm: Soy 
Hales and Jordan [2]. This, however, is not ' 

° ° °4e . . Lib 
sarily significant because of the following rr 
siderations: 

1. The relatively long half-life of Sb’, tog: | 

, , ° . el 
with the high maximum energy of its beta s 
trum, indicates that the transitions involve 
sop————__ - - 
ned 
40h 
he 
-— S 





VN7Fx 10 
i) 
is) 
T 
—e-""" 
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he 
oF 
° — n n Oe 
° os Lo ih) 
E (Mev) 
Ficure 2. Fermi plot of the data shown in figure! 
The original Fermi function f(Z.») was evaluated for Z=5 
Kurie approximation nd 
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den. The simple Fermi theory does 
ipply to transitions of this type. 






ighly for 
ot strict! 


Hp » At the time the beta spectrum was measured 
diffe » source Lad decayed through three half-lives, 
|. fH its specifie activity had decreased to about 
cF neeighth of its initial value. Consequently, it 
7 ys necessary to prepare a beta source whose 

hickness was such that the amount of absorption 
rly nd seattermg within the source cannot be con- 


Phe k dered entirely negligible. This would tend to 
Pe 2, a istort the observed beta-ray spectrum. 


sf IV. Fermi Plot 


pol — . . “ 

es The plot in figure 2 is based on Fermi’s theory 
7  beta-ray emission. Starting with eq 42 of 

Holcimermi's paper [7], let 

U ag . 4 256e* = miect (4amep\s 
ht] A= rm ame > ( ) (1) 

Ir(3+2S8)P h h 

5 O*... = J 0,,*u,ar. (2) 
, See Fermi’s paper for meaning of these expres- 
| ions). For a given isotope, K is constant. 

\lso, we have 

vi+n=k+1, (3) 
7 here 
it . . 
m Maximum momentum of beta rays emit- 

ted in units of moc 
ky maximum energy of beta rays in units of 
Mot" 
m rest mass of electron, 
nd similarly, 

y 1+ E+1, (4) 
here y and £ now refer to any electron with 
wmentum » (equal to 47p/1700) and energy EF. 
Substituting eq 1, 2, 3, and 4 in Fermi’s eq 42, 
he probability of emission of an electron with 
omentum between » and 9+dy can be written 

P(n\dn= K Q*\*{y?F(Z,n)|(Eo— E)*dn, (5) 
here 
F(Z,n) = Se P(14+-S+ iy) |? (6) 
} 2 
S=/1—( -)— 7 
| \ 137) —' 47 
Z yl T n° 
d Q> ’ 8) 
1137-9 
nd Z is atomic number. 
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According to Fermi, in case of “allowed” 
transitions the matrix element Q* in eq 5 is of the 
order of unity. For “forbidden” transitions, 
however, Q*/? 1. Inthelattercase Q* probably 
depends on the momentum 7 of the emitted beta 
rays, although the exact nature of this dependence 
is not known. As a first approximation, we shall 
assume that @Q*? is constant for all values of 7. 

Since the quantity N in the beta spectrum of 


figure 1 is proportional to P(n), we have from eq 5 


NAne {(Z,n) (2, — F)*An, (9) 


where 


I(Z,n) = 9° F(Z,n). (10) 


Taking all the An’s equal throughout the beta 
spectrum, eq 9 may be written 


EB), (11) 


so that if we plot y.N/f against F£, a straight-line 
curve is obtained which intersects the / axis at 
E=E). This graphical 
beta-ray spectrum is commonly referred to as a 
Fermi plot or Kurie plot, and is frequently used 
to determine the end point of a beta distribution. 

It should be remembered, however, that eq 11 is 
based on the assumption that Q* is independent 


of Fy i. e., 


representation of the 


(J* *=constant. (12) 


For allowed transitions, eq 12 is true—at least 
approximately. For forbidden transitions, how- 
ever, this is not necessarily true, and the Fermi 
plot need not be a straight line. Figure 2 indicates, 
therefore, that the beta transitions involved in the 
decay of Sb are of the forbidden type. 

The Fermi function /(Z.) used in making a 
Fermi plot is given by eq 10 and 6. The factor F\Z,n) 
in eq 5 is due to the effect of nuclear attraction 
upon the emitted beta ray. When » > >Z/137, 
F(Z») ———>1._ That is, for relatively high beta 
energies and light atoms, the effect of nuclear 
attraction is small. 

A nonrelativistic treatment of the theory of 
beta emission leads to the expression 

ae 2ry ‘ 

F(Z,n) ——» (13) 

l—e**9 
more rigorous relativistic theory 
leads to eq 6. According to Kurie, et al. {8}, 
eq 13 is adequate for all light elements up to about 


whereas the 
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copper, Z=29 (provided 7 is not > >1). Hence 
in this case the Fermi function can be written 


laid . omy 
I(Z,n) ] 1—e-?*¥ 
(14) 
ya g, Vite 
- §e¢ n 


For Sb’, however, Z=51 and m~5, so that the 
relativistic expression (eq 6) should be used. The 
Fermi function is then 


AZ) =o Sem TU+S+ iy) !?. (15) 
As Z=51, we have from eq 7 
Z 
==0.37 
137 “ 
ane 
S 0.072 (16) 


2+42S=1.86 





0.93 


The numerical values of 7/137 and S in eq 16 
have been rounded off to two significant figures. 
Substituting from eq 16 in eq 15, we have for 


Sb" 
fin) ni Merv r(0.93 4 iy) 2 
; 17) 
on V1+9 (le) 
y=0.37 * . 
Y é ™ 


This is the function that was used in the Fermi 
plot of figure 2. The values of f(Z.y) obtained 
from eq 17 have been compared with the corre- 
sponding values given by the nonrelativistic 
expression (eq 14). It is worth noting that the 
differences between the two values vary from 
0 to 15 percent for the 
considered here. 


range of momenta 


V. Gamma-Ray Spectrum of Sb" 


The gamma-ray spectrum is shown in figure 3. 
The distribution represented by the full curve was 
obtained about | month after receipt of the source 
from Oak Ridge. The activity of the 2.8-day 
Sb™ had by this time decayed to less than 10~* of 
its initial amount, and was therefore negligible 
in comparison with the 60-day Sb" activity. 
The continuous distributions in figure 3 are due 
to Compton recoil electrons, mostly from the 
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counts / min 
T 











Figure 3. Secondary electron spectrum produced by sy 
gamma rays in uranium. 


K;, L; are photoconversion lines of a 0.40-Mev gamma ray: A), 1, 4 
to a 1.69-Mev gamma ray. Solid curve is gamma spectrum deter 
1 month after preparation of source; broken curve is spectrum o! 
months after preparation of source. 


brass capsule containing the source; whereas «) 
superimposed peaks are due to photoelectron 
from the uranium radiator (the photoelectron 
from the brass capsule are relatively negligibly » 
number )(6]. 

Figure 3 clearly shows the presence of tw 
gamma rays, with energies of 0.60+0.01 Mev an 
1.69+0.02 Mev. These values are obtained }) 
adding the A-binding energy of uranium (113 
Mev) to the energies of the A-photoelectrn 
ejected from the uranium radiator by the pw 
gamma rays, as indicated by the location of | 
K, and K, peaks. <A further check may be ol- 
tained by adding the Z-binding energy of uranium 
(0.022 Mev) to the Z-photoelectron energies int- 
cated by the LZ, and L, peaks. 

The energy of the 1.69 Mev gamma ray agres 
within the limits of experimental error with th 
value 1.70+0.02 Mev previously reported by 
Kruger and Ogle [9], and with the value |.72=!)! 
Mev reported by Rall and Wilkinson {10}. Th 
0.60 Mev gamma ray, however, has not bee! 
reported by any investigators prior to Mevyerli! 
and Scharff-Goldhaber [1]. This is difficult © 
understand, since figure 3 indicates that it Is eve 
more intense than the 1.69 Mev gamma ray 

Rall and Wilkinson [10] also reported a 
Mev gamma ray, which they tentatively assizie’ 
to 30-day Te'’:'*. Both half-life and identity" 
these isotopes were indicated as being in dou! 
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ed the possibility that the 0.60 Mev 
amma ray observed by us might be identical with 
he 0.61 Mev gamma ray reported by Rall and 
Vilkinson. To check this possibility, a chemical 
paration was made of the antimony and tellu- 
ium in the source about 9 months after its receipt 
rom Oak Ridge. The separated tellurium frac- 
ion was then found to emit no detectable radia- 
ion. Had there been a 30-day Te'?'** gamma 
ctivity in the tellurium fraction, it would almost 
ertainly have been observed. We may safely 
onclude, therefore, that the 0.60 Mev gamma ray 
hown in figure 3 is not due to such an activity. 
To determine whether the relative intensity 
f the 1.69 and 0.60 Mev gamma rays remains 
onstant with time, the gamma spectrum was 
vdetermined 4 months (2 half-lives of Sb'*) after 
is first measurement. This second determination 
s shown by the broken curve in figure 3. Com- 
marison of the two curves indicates that the two 
runima rays decay approximately at the same 
ate and are therefore probably both due to 60-day 
hi** 


VI. Disintegration Scheme of Sb 


This suget 


Meyerhof and Scharff-Goldhaber {1] have re- 
ently determined the relative intensities of the 
eta and gamma rays of Sb'* by means of Geiger- 
ounter coincidences. Their measurements indi- 
ate that the relative intensity of the two beta- 
ay components is approximately 1:1, and that 
{the two gamma rays is about 2:1. According 
0 them, the hard beta ray is followed by one 
rumma ray, whereas the soft beta ray is followed 
y two gamma rays. We were unable to make 
by accurate determination of relative beta- and 
wmma-ray intensities from our measurements. 
zn general, however, the relative intensities indi- 
ated in figures 1 and 3 tend to agree with the 
alues reported by these authors. 

The beta- and gamma-ray energies determined 
y us, combined with the above data of Meyerhof 
ind Scharff-Goldhaber, can be fitted into the dis- 
itegration scheme shown in figure 4. This is 
identical with the decay scheme proposed by them, 
‘cept for the more accurate determination of the 
hergies involved. 


The authors thank E. W. Cannon and the Com- 
ulation Laboratory of the National Bureau of 
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Figure 4. Suggested disintegration scheme for Sb'* based 
on the observed beta- and gamma-ray spectra and on the 
coincidence measurements reported by Meyerhof and 
Schar ff-Goldhaber (1). 


Beta transitions indicated above include energy equivalent of the electron 
mass 


Standards for the numerical evaluation of the 
original Fermi function for Z-51; and also A. 
Schwebel for the chemical separation of antimony 
and tellurium in the source. 
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Stabilization of Austenitic Stainless Steel 
By Samuel J. Rosenberg and John H. Darr 


\ study was made of the resistance to intergranular attack of 23 18°) Cr-10°%. Ni 


austenitic corrosion-resisting steels in 12 


different initial conditions. 


Suscept ibility to 


ntergranular attack was determined after seven sensitizing treatments, followed by exposure 


for a maximum of 14 days in a boiling acidified copper sulfate solution. 


It was found that maximum susceptibility to intergranular attack was developed by 


sensitizing either 8 or 21 days at 1,020° F. 


The straight carbon austenitic steels were quite 


vulnerable to attack, although decrease in carbon content decreased the degree of vulner- 


ability. 


provided the Cb/C or Ti/C ratios were sufficiently high. 


the initial condition of the steel. 


The columbium- and titanium-treated steels were satisfactorily resistant to attack 


These ratios varied, depending on 


The carbon content of the treated steels had no influence 


upon the resistance to intergranular attack, the predominating factor being the Cb/C or 


li C ratio. 
I. Introduction 


\n undesirable characteristic of the austenitic 
tuinless steels is their susceptibility to inter- 
ranular embrittlement after exposure to moder- 
tely elevated temperatures. This susceptibility 
sembrittlement may be decreased or eliminated, 
e., the steels may be stabilized against inter- 
rinular embrittlement, by the addition of 
ftaunium or columbium, usually in conjunction 
ith a stabilizing heat treatment. 

A diversity of opinion as to the relative amounts 
{titanium or columbium necessary for effective 
abilization, the injurious effect of carbon con- 
nt, and the necessity for stabilizing heat treat- 
ents, led the Bureau of Aeronautics, Navy 
Jepartment, to request the National Bureau of 
tandards to undertake a study of factors affecting 
i stabilization of the 18-8 type of steels. This 
aper summarizes the results of such an inves- 


gation 


l. Theory of Sensitization and Stabiliza- 
tion 
corrosion 


Intergranular embrittlement (or 


ie terms are usually used synonomously) may 


‘considered as a disease of 18-8 steels, although 
is not peculiar to these steels alone. Specifi- 
ustenitic Stainless Steel 


cally, this type of corrosion is particularly pro- 
nounced in some 18-8 steels that have been sub- 
jected to moderately elevated temperatures (700° 
to 1,400° F) and are either simultaneously or 
subsequently subjected to corrosive conditions, 
Exposure to these elevated temperatures causes 
the precipitation of what are generally conceded 
to be chromium carbides at the grain boundaries, 
and steels having such carbide precipitation have 
been found to be more or less susceptible to inter- 
granular corrosion, whereas steels that do not 
exhibit this structure are generally immune. 
Annealed 18-8 stainless steel (quenched from 
temperatures in the neighborhood of 1,800° to 
2.000° F) theoretically consists of metastable 
austenite, in this case a supersaturated solid 
solution of carbon or of chromium carbide in 
chromium-nickel austenite. Upon reheating to 
moderately elevated temperatures, chromium car- 
bide (Cr,C) precipitates at the grain boundaries. 
One school of thought believes that this precipita- 
tion reduces the chromium content of the metal 
near the grain boundaries to a level below that 
This appears to be 
the most prevalent view. Others believe that 
internal strains resulting from the precipitation 
of carbides, and from the formation of alpha iron 
from the metastable austenite, are the cause of 
intergranular corrosion. Still another belief is 


necessary to resist corrosion. 
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that the electrolytic effect resulting from a differ- 
ence in potential between grains and grain bound- 
aries is responsible. Regardless of the under- 
lving theory, however, it is generally agreed that 
the presence of chromium carbides distributed in 
the form of a thin, nearly continuous network at 
the grain boundaries is an indication of material 
that is susceptible to intergranular corrosion. The 
larger isolated carbides that result after sufficient 
time at temperature has been allowed from coa- 
lescence of the precipitated carbides and for re- 
plenishment by diffusion of chromium in the de- 
pleted areas do not appear to be associated with 
intergranular corrosion. 

The earliest efforts to prevent intergranular 
embrittlement were directed toward the manu- 
facture of 18-8 with low carbon content on the 
theory that precipitation of chromium carbide 
would thereby be minimized or even eliminated 
[1,2,3].' It was also suggested that a treatment 
at about 1,600° F 
ceptibility to intergranular corrosion upon sub- 
sequent exposure at lower temperatures. This 
stabilizing (sometimes termed  desensitizing) 
treatment was presumed to precipitate sufficient 
chromium carbides as coalesced particles, and also 
to permit diffusion of chromium, so that the 
amount of carbon that would be available to 
precipitate as fine chromium carbides at lower 
(sensitizing) temperatures would be negligible. 

It was also reported that decreasing the aus- 
tenitic grain size diminished the severity of inter- 
granular attack [4] by providing extra grain 
boundary area for precipitation of carbides; that 
cold rolled material was more resistant to inter- 
granular attack [3] because of the availability of 
numerous slip planes for the precipitation of 
carbides upon subsequent heating; and that the 
addition of elements that caused the formation 
of delta ferrite was also beneficial [5] in that, 
because of the lower solubility for carbides, 
precipitation occurred in the areas of delta ferrite. 

The most commonly used method of preventing 
intergranular corrosion in 18-8 consists in adding 


resulted in a decreased sus- 


a strongly carbide-forming element to the steel. 
The function of this element is to combine with 
the carbon, thus allowing the chromium to remain 
in solid solution in the austenite. To be effective 
this alloy carbide should be less soluble in the 


Figures in brackets indicate the literature references at the end of this 
paper. 
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chromium-nickel austenite than is th chrominy 
carbide. The two elements most freq vently yg 
are titanium and columbium [6,7]. 1: is kyo 
that these elements are more strongly carbig 
forming than is chromium, and evidence js ayy 
able that the titanium and columbium arb 
are considerably less soluble in 18-8 austey 
than is chromium carbide. Theoretically, jf ,, 
carbon of 18-8 stainless steel is fixed by either 
these stabilizing elements, that is, precipitated , 
TiC or CbC, no chromium carbide would pre 
cipitate at the grain boundaries upon subseqiey 
reheating to sensitizing temperatures, and jj 
steel thereafter would exhibit no intererystalliy 
embrittlement upon exposure to a 
medium. 

The atomic weight of carbon is 12.01, and thy 
of titanium is 49.90, and since titanium forns 
carbide corresponding to TiC, it is necessary 
theoretically, to have about four times as my) 
titanium as carbon in order to fix all the carbon ys 
titanium Columbium has an atonie 
weight of 92.91, and as columbium forms a carb 
corresponding to CbC, the theoretical mininw 
amount of columbium that must be added to fi 
the carbon is slightly less than eight times ‘| 
amount of carbon. 

Stabilization consists in reheating the Cb- « 
Ti-treated steels within the temperature rang 
1,550° to 1,800° F, usually at about 1,600° F 
At these temperatures, the precipitation of tita- 


COrTod hg 


carbide. 


ium and columbium carbides within the austeni 
grains is facilitated. The slight amount of carbo 
remaining in solid solution after this treatment s 
(theoretically) insufficient to cause any deleterious 
effects (in the form of Cr,C precipitated at thy 
grain boundaries) upon subsequent reheating 
sensitizing temperatures. 


III. Materials 


Most of the steels used in this investigation 
experimental melts, although a few commer! 
steels included. The experimental stees 
were melted in an induction furnace and pour 
into = 3-in. big end up tapered mols 
equipped with hot tops. Each experimental hes" 
weighed about 75 pounds, and all were made inti 
foundry of the Naval Research Laboratory. Th 
ingots were shaped on all four sides as much * 
necessary to produce clean surfaces, follow 
which they were hot forged to slabs about » " 


were 


square 
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thick. Some of these ingots were 
- Rustless Iron and Steel Division, 
yerican Rolling Mill Co., Baltimore, Md.; all 
hers were forged at the Naval Research Labora- 
+y. The slabs were surface ground on four sides 
\| rolled into 0.050-in. strip at the American 
oiling Mill Co., Middletown, Ohio, the schedule 
operations being as follows: 


ide by ] 


reed at 


1) Hot roll at 2,000° to 2,200° F to 0.125 in, 
and straighten. 
») Anneal 6 minutes at 1,950° to 2,000° F 
and air cool. 
Pickle. 
a) 24 minutes in 10-percent H,SO, at 
190° F. 
b) 45 minutes in caustic permanganate 
at 200° F. 
¢) 10 minutes in 1's-percent HF plus 10 
percent HNO, at 130° F. 
1) Cold roll to 0.080 in. and straighten. 
5) Anneal 6 minutes at 1,950° to 2,000° F and 
air cool, 
6) Piekle. 
b) and (c) only under (3) above. 
7) Cold roll to 0.050 in. and straighten. 


he final strip thus had a cold reduction of 37': 
Although the sequence of fabrication 
vs not known, all commercial steels were 
wnished in cold rolled strips 0.050 in. thick, the 
me as the experimental steels. 

Chemical analyses of all the steels were made on 
mples cut from the finished strip; these analyses 
re given in table 1. All experimental steels were 
ade to the base analysis of 18 percent chromium, 
percent nickel, 1', percent manganese, and 
40 percent silicon. 


rcent 


During the progress of this investigation a 
lestion Was raised as to the effect of nitrogen on 
« CbhC or TiC ratio. Analyses for nitrogen 
ere therefore made, both chemically and by 
acuum fusion. It is known that nitrogen com- 
ines with both titanium and columbium. The 
rid-soluble and acid-insoluble nitrogen can be 
parated by treatment of the steel with dilute 
ilfurie acid. For purposes of calculation (as 
ted in table 1), it was assumed that all of the 
id insoluble nitrogen was combined with either 
tamum or columbium, as the case might be. 
onsidering the fact that the steels that contained 


) titanium or columbium also contained no acid 
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insoluble nitrogen, this assumption appeared to be 
quite plausible. The revised percentages of 
titanium and columbium and the revised ratios of 
Ti/C and Cb/C were calculated after allowing for 
the amounts of titanium and columbium combined 
with the acid insoluble nitrogen and are included 
in table 1. 


IV. Procedure 


Specimens 3 in. long by ': in. wide and 0.050 in, 
nominal thickness were taken longitudinally to 
the direction of rolling. A small hole was punched 
in one end of each specimen so that groups of 
specimens could be strung on wire for sensitizing 
treatments. All such treatments were carried 
out in furnaces of the vertical muffle type, elec- 
trically heated, and constructed especially for 
this work. The inside dimensions of the muffles 
were 4 in. diameter by 18 in. long. Temperature 
variations within the working length of each 
furnace were less than 10° F. Each furnace was 
controlled by an individual recording potentiom- 
eter controller. 

Corrosion tests for development of inter- 
granular embrittlement were conducted in a boil- 
ing acidified copper sulfate solution contained in 
2-liter widemouthed Erlenmeyer flasks. These 
flasks were equipped with ground glass joints for 
fitting the reflux condensers. Specimens were 
laid in glass racks so that there was no metallic 
contact between specimens. No more than seven 
specimens were placed in an individual flask, and 
material of straight 18-10, 18-10 Cb, and 18-10 
Ti was always segregated in different flasks. A 
minimum of 35 ml of acidified copper sulfate 
solution per square inch of surface area was used. 
The solution was changed every 48 hours at 
which time all specimens were examined; those 
showing definite evidence of intergranular attack 
removed. Where attack, as 
indicated by a change in color of the solution, 
occurred in less than 2 days, the run was inter- 
rupted to remove the failed specimen or speci- 
mens, and the solution was changed. Maximum 
time of exposure in the acidified copper sulfate 
solution was 14 days. 

Preliminary tests indicated the necessity of 
carefully controlling certain factors. The origi- 
nal choice of concentration for the boiling copper 
sulfate—sulfuric was 13 g of 


were evidence of 


acid solution 
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TARLeE 1. 


Steels designated by the prefix 


Percentage of 


Steel No 

Cc Mn Si Cr Ni Ch ri Ch 
‘ l 0.02 0.70 om 19.7 aS 
‘ Ww on “4 " 17.2 12.6 
S-37 Ht LW ‘3 17.8 10.5 
s 4 72 113 5 nO w2 
s-Zs 113 Lil 7 17.6 0.2 
= oD Obs 1. 21 17 17.8 1.0 om 7 
sf o7u 1.2 “ 17.6 Ww. 1 “l Pt 
S-12 o74 12 ts 17.9 10.0 75 Ww 
C.g ono 1“ i7 17.7 11.0 71 ll 
s-27 OAT 1W ") 17.8 wt! 4 ~ 
S-2s 115 1. 22 “0 7.7 4 v2 7 
S-17 17 1. 21 Au is. 0 Ww. 1 1.14 4 
= 1s 132 1. 1s “) 17.9 wt 1.47 ll 
S44 67 117 5 17.7 1.2 0). 26 
S-21 O71 1.49 41 17.9 w.1 32 
c# (wit 1.32 ") I. 3 wo $5 
S39 os 1. 23 ub 1s. 2 10.1 th 
c’.2 o70 1. 52 “) 17.8 of “) 
cs 07 1.25 52 Ino 1.6 Ait 
S-2 os. 1.2 Th 19.7 “4 IT 
S-3 17 1.2 42 17.5 9.7 4 
S46 le 1.35 is 17.5 10.0 i | 
S-32 105 La " In. 0 “9 él 


Analyses of the test ateels 


8" are laboratory melts; those designated by the prefix “‘C”’ are commercial melts 


Ratio Percentage of nitrogen Percents R 
Pereunt- (chemical analysis (revised 
we of ni- 
trogen 
Acid in- 
. TT. vacut 
C| TVC |‘Xeien) | Total Acid | soluble 
. soluble (by dif- , ! Ch 
ference 
0.041 0.0389 0. 089 0.000 
026 O26 O25 ool 
My ONS 053 000 
O86 O36 O35 ool 
4 Ose sy OO 
4 ons ool mil o2 0.37 
ri O56 O4 OS4 020 1s 
1 O51 (47 24 023 om s 
s (2 035 Os o2 . ) 
7 sy O57 ano (7 / 
0 45 O45 22 023 rr 
7 sy wo O16 24 US s 
1 44 in ol4 a2 1. 26 ’ 
$9 OS1 asy ool OOS 01 
4.5 027 al oo 29 2 
5 ol ols oo oll 
5 023 023 ool 22 2s 
7.1 od ole ool og 17 
7.9 O68 Oy ool oon 
4.5 ol; v2 ool oi uy 
4.1 O12 O16 ool O15 Y 
40 022 OS ool O17 is 
5.8 O16 oO7 ool O16 ¥ 


Phe revised percentages of Ti and Cb were calculated by assuming that all of the acid insoluble nitrogen was combined as TiN or CbN Aceordit 


atomic weights of these elements, | part of nitrogen will combine with 3.43 parts of titanium or 6.64 parts of columbium by weight 
by the amount of acid insoluble nitrogen in the titanium- and columbium-treated steels, respectively, and subtracting the results from the amou 
and columbium present in the steels gives the revised amounts of titanium or columbium available for combination with carbon 


Multiplying these f 


The revised Ti 


ratios were then obtained by dividing the revised percentages of titanium and columbium by the carbon contents, 


CuSO,-5H.O, 47 ml of concentrated H.SO,, and 
distilled water to make 1 liter of solution. This 
solution, which has been used by some investi- 
gators, corresponded to 0.8 percent of CuSO, and 
8.2 percent of H,SO,, and the ratio of CuSO, to 
H.SO, proved too low to prevent surface cor- 
rosion in many of the steels. Since the resultant 
corrosion complicated the evaluation of inter- 
granular embrittlement, this solution was dis- 
carded in favor of that containing 100 g_ of 
CuSO,-5H,0, 100 ml of concentrated H,SO, (sp gr 
1.84), and 900 ml of distilled water. This solution 
corresponded to 5.4 percent of CuSO, and 15.4 
percent of H,SO, by weight. 

The scale that formed on specimens during 
sensitization was influenced by both time and 
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temperature. In order to eliminate the variable 


which scale would introduce, it was decided \ 


remove all scale. Polishing was tried and proved 
to be too time-consuming; pickling was therefor 
adopted with a schedule of operations as follows 
(1) Pickle in 8 pereent H,SO,+4 percent HC a 
160° F for 10 minutes; wash, scrub, and dry; - 
pickle in 10 percent HNQO;+1 percent HF « 
160° F for 5 minutes; wash, serub, and dry 
passivate in 20 percent HNO, at 125° F fo 
minutes; wash and dry. 

To whether the 
removal influenced the susceptibility to 
granular attack, check tests were made on cer! 
specimens both as pickled and as polished. The 
that the method of seale remo’ 


ascertain method of » 


tests showed 
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ctable effect on the specimens that 
ly vulnerable to intergranular em- 
With specimens that were moder- 
ble, it appeared that the extent of 


iT 


no a 
extre 
ttlement 
Ra ely vulne 
: wrgranular attack was greater in specimens 
sat had been pickled than in specimens that has 
oy polished. Typical microstructures of such 
oamens after corrosion are shown in figure 1. 
it is frequently commercial practice to 
.) stainless steels by pickling, it appeared 
vival to test the steels as finished in that manner. 
The susceptibility to intergranular attack of 
» various steels was determined for 12 different 
al conditions, as listed in tables 2 to 24. <A 
y steels were tested in only five different initial 
tions, as may be seen from the particular 
nvolved 
In the first series of tests (carried out on the cold 
Jled steels), specimens from each steel were 
sted in 16 sensitized conditions. Four sensitiz- 
by temperatures were used —840°, 1,.020°, 1.200°, 
80°F. Single specimens were held at each 
ysitizing temperature for 2 hours, 2, 8, and 21 
avs. After exposure to the boiling copper sulfate 
lution, it was apparent that certain of these 
ysitizing treatments were quite innocuous and 
wild be disearded. It was decided, therefore, 
» decrease the number of sensitizing conditions 
» seven in all-—-these were 21 days at 840° F; 
hours, 2, 8, and 21 days at 1,020° F; and 2 hours 
nd 2 days at 1,200° F. A control specimen, not 
nsitized, Was included in each series. 
Evaluation of intergranular embrittlement was 
wide by observations of: (a) change in electrical 
sistivity, (b) loss in metallic ring when the test 


arian woImen Was dropped on a steel plate, (c) extent 
ded cracks oceurring after bend tests of 180°, and 
prov 1 appearance of the corroded sections under the 
Cree" M@icroscope. The interpretation of these various 
allow sis Was frequently influenced by the personal 
AC! coy particularly in cases where only slight 
ih dence of failure existed. Frequently, also, 
HE dence of failure by one method was not cor- 
M borated by another 

fo 

hx 


earch MBusteniti- Stainless Steel 











Ficure |, Effect of method of scale removal on susce ptibilit / 


to inte rgranular attack. 


i, Extremely vulnerable material after 2 days in the boiling acidified copper 
sulfate solution. Unetched <100. BR, Less vulnerable material after 6 days 


in the boiling acidified copper sulfate solution 


Unetched 


~ 


325 

















TABLE 2 Effects of various treatments upon the susceptibility to intergranular attack of steel ¢ 
Carbon —0.025°,— no stabilizing clement 
lreatment of steel subsequent to cold-rolling Sensitizing treatment 
iia abil " . 2idays 2 hours 2 days 8 days 21 days 
Annealing Stabilizing None at S40°F at 1,020°F at 1,020°F at 1,030°F at 1.020° 
None None \ \ A D E+ D 
Do ty hour at 1,600°F, A. C \ \ A Cc D> D 
L6 hour at 1,800°F, W. Q None \ A \ DE DE k 
Do ls hour at 1,600° F, A.C \ A A B DE E+ 
Do 2 hours at 1,400°F, A.C A A A B DE DE 
hour at 1.800° F, A.C None \ \ \ Cc D Cb 
Do | hour at 1,400°F, A.C A \ \ Cc D D 
} min. at 1.975° F, W.Q None A A \ cD D Cb 
Do | hour at 1,000°F, A.C \ A \ BC cb cb 
min at 1,975° F, A. ¢ None \ \ \ B DE Cc 
Do t6 hour at 1,600° F, A.C A \ A D+ D D 
Do 2 hours at 1,400° F, A.C \ \ \ Cc D D4 
Tare 3. Effect of various treatments upon the susceptibility to intergranular attack of steel C—11 
Carbon~ 0.026% no stabilizing element 
rreatment of steel subsequent to cold-rolling Sensitizing treatment 
. 21 days 2 hours 2 days 8 days 21 day , 
Annealing Stabilizing None at S40°F at 1,020°F at 1,020°F at 1,020°F at 1,020°F a 
Nome Nom \ B \ B A A 
Do 1, hour at 1,600° F, A. ¢ 4 \ \ DE E k 
1, hour at 1,800° F, W. Q None A 4 A E+ k I | 
Deo 15 hour at 1,600° F, A.C 4 \ A E+ I k 
Do 2 hours at 1,400° F, A.C \ \ \ E+ FE I \ 
hour at 1,800° F, A, ¢ None 4 \ \ E+ E I 
Ih 1 hour at 1,400°F, A.C A A \ k I I \ 
min at 1.9 F, W.Q None \ \ \ E I I 
Do 1 hour at 1,600° F, A. ¢ \ A A E+ k k 
min at 1,975° F, A. ¢ None \ \ \ l)+ I I \ 
Do ls hour at 1,600° F, A.C \ \ A D+ F I 
Do 2 hours at 1,400° F, A.C A A \ Db E I 
TARLI } Effect of various treatments upon the susceptibility fo inte rgranular attack of steel S 
Carbon =0.044 no stabilizing element 
reatmment el subsequent to cold-rolling Sensitizing treatment 
. ' " 21 days 2 hours 2 days 8 days 21 days 
Ar ing Stabilizing None at S40°F at 1,020°F at 1,020°F at 1,020°F at Look 
None None \ AB \ E+ F I+ 
Dy ty hour at 1,600° F, A. ¢ A D> AB i E I 
hour at 1.800° F, W.qQ None \ \ \ I E I 
Do 14 hour at 1,400° F, A. ¢ \ \ \ DE E k 
Do 2 hours at 1,000° F, A. ¢ \ \ \ cp E E 
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PARLE 


Effect of various treatments upon the susceptibility to intergranular attack of steel S—4 





/ 


(Carbon =0.072° —no stabilizing element 
vent of steel subsequent to cold-rolling Sensitizing treatment 
e = ’ 21 days 2 hours 2 days S days 21 days 2 hours 2 days 
ng tabiizing None at 840°F at 1,020°F at 1,020°F at 1,020°F at 1,020°F at 1,200°F at 1,200°F 
Nom A D+ DE E E E E A 
ly hour at 1,600° F, A.C B E E E E FE cp \ 
“ W.Q Nom \ \ \ E E E Ek E 
ly hour at 1,600° F, A.C DE E E E EF E E E 
2 hours at 1,600° F. A.C D> E E E E E E E+ 
o F, A. ¢ Nom A D A F FE E E k 
1 hour at 1,400° F, A.C Cc F E E E E EF D> 
Ww. Q None \ A A DE E E Kk k 
| hour at 1,600° F, A.C D E E+ E E+ F+ DE k 
,. ( None A A A D FE E E E 
ty hour at 1,600° F, A.C Cc D D E E E E EF 
2 hours at 1,400° F, A.C C4 E+ E+ E E k Fk EK 
rare 6. Effect of various treatments upon the susceptibility to intergranular attack of steel S-23 
Carbon =0. 113° no stabilizing element 
t of steel subsequent to cold rolling sensitizing treatment 
: Stabil " _— 21 days 2 hours 2 days 8 days 2idays 2 hours 2 days 
8 ne _— ut S40°F at 1,020°F at 1,020°F at 1,020°F at 1,020°F at 1,200°F at 1,200°F 
None \ > DF E F E I A 
'y hour at 1,000° F, A. ¢ C4 F E E4 Fk E+ > A 
x FLW. Q Nom A B+ D+ Fk F I FE k 
'» hour at 1,600° F, A.C E+ E+ E E+ E+ E k E 
2 hours at 1,600° F, A.C D F E E E E+ FE Ke 
PARLE 7 Eff ct of various treatments upon the susceptibility to inte rgranular attack of steel S-26 
Carbon=0,068%, columbium=0.50%; Ch’ C=7.4 
teel subsequent to cold-rolling Sensiti treatment 
Stabilir Mes 21 days 2 hours 2 days S days 21 days 2 hours 2 days 
& . 40°F at 1,020°F at 1,020°F at 1,020°F at 1,020°F at 1,200°F at 1,200°F 
Non \ B+ A I> B+ \ \ A 
1, hour at 100° F, A. ¢ \ A A I DE I \ \ 
FLW. Q None \ A \ I I I A \ 
l, hour at 1,400° F, A. ¢ A \ \ D E+ E+ \ \ 
2 hours at 1,600° F, A, (¢ \ \ \ 1+ Fk I \ \ 
A. f None A A \ Lk k I AB A 
1 hour at 1,400° F, A. ¢ \ A \ I E+ I A \ 
Q None \ A \ ‘ ! ! B« 4 
1 hour at 1,600° F, A.C \ \ A D DI I> \ \ 
( None A A \ E+ E+ I \ A 
1, hour at 1,600° F, A, ¢ \ \ \ DE F k A \ 
2 hours at 1,600° F, A. ¢ A \ \ ID } I \ \ 
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TasLe 8. Effect of various treatments upon the susceptibility to intergranular attack of steel S—¢ 


Carbon =0.070%, columbium=0.61°); Cb/C =8,.7 


lreatment of steel subsequent to cold-rolling Sensitizing treatment 


21 days 2 hours 2 days 8 days 21 days 


Annealing Stabilizing None it S40°F at 1,020°F at 1,020°F at 1,020°F at 1,020°F at 


None None 4 B AB B AB AB 
Do 16 hour at 1,400° F, A.C \ 4 4 ( ( K 
14 hour at 1,800 F,W.Q None \ 4 \ C4 ID E4 
Do bs hour at 1,600° F, A.C A \ A D> E+ LD 
Ik 2 hours at 1,600° F, A. ¢ A \ \ ( E+ D 
14 hour at 1,800° F, A. ¢ None \ A A Ke ID ( 
De 1 hour at 1,600° F, A, ¢ A A \ I> D> ID 
{min at 1,9 FW. Q None \ \ A B+ } k 
Ih 1 hour at 1,400° F, A. ¢ A \ A Cc K I) 
n il 7 PF, A. ( Nome A A A ( DE k 
I 1, hour at 1,600° F, A. ¢ \ A 4 I) E+ i} 
DD 2 hours at 1,600° F, A. ¢€ \ \ \ DF DE } 


TARLE 9 Effect of various treatments upon the susceptibility to intergranular attack of steel S—1 


Carbon =0.074 columbium = 0,7 Cb/C = 10.1) 
lreatment of steel subsequent to cold-rolling Sensitizing treatment 
1 davs > hours »« < s Le S 
aumeaiien Stabilizing Nome 21 da 2 hou 2 day day 21 day 


at S40°F at 1,020°F at 1,020°F \at 1,020°F at 1,020° 


None None A AB \ B+ \ \ \ 
Do ty hour at 1,000° F, A. ¢ \ \ \ A \ \ \ 
hour at lLsoo) oF, WY None A A A \ \ \ \ 
Do ty hour at 1,600° F, A. ¢ A \ \ \ \ \ \ 
Deo 2 hours at 1,000° F, A, ¢ \ A \ \ \ \ \ 
hour at Lao F, A. ¢ Nom A \ A \ A \ \ 
De | hour at 1.000° F, A.C \ \ \ B B B \ 
{min at 1.97 F,W.Q None A \ A \ B ID 4 
Do 1 hour at 1,000° F, A. ¢ \ \ \ B B B \ 
Smin at 1,97 F, A. ¢ None A A A \ AB ( \ 
De ly hour at 1,600° F, A. ¢ A A A AB ( ‘ 
Do 2 hours at 1,600° F, A. ¢ A \ A ( Cc ( 


Parte 10 Effect of various treatments upon the susceptibility fo inte rgranular attack of steel ¢ ; 


Carbon =0.060°; , columbium =0.71' Ch 11.8 
Treatment of steel subsequent to cold-rolling Sensitizing treatment 
! 
| 2 owe _— » down p " 1 « . ' 
Annealing Stabilizing | None > srr a Laas | Rh I ot am i eas F at 1,20 
None None \ \ \ \ A \ \ 
Do ty hour at 1,600° F, A. ¢ \ A \ \ A \ \ 
ly hour at 1.800° F, W. Q None \ A A A \ A \ 
Do ly hour at 1,600° F, A. ¢ A A A \ A A 
Do 2 hours at 1,600° F, A. ¢ A \ A A \ \ \ 
1g hour at 1800° F, A. ¢ Nome \ A A A A \ \ 
Do | hour at 1,000° F, A. ¢ \ \ \ \ \ \ \ 
$ min at 1.975° F, W.Q None \ \ A A A \ \ 
Do | hour at 1,400° F, A. ¢ \ \ \ A A A \ 
smin at 075° F, A. ¢ Nome A \ \ A A A \ 
Do l» hour at 10° F, A. ¢ \ \ A A A A \ 
Do 2 hours at 1,000° F, A. ¢ A \ A \ A A \ 
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11 Effect of various treatments upon the susceptibility to intergranular attack of steel S—2? 


(Carbon =0.087%, columbium =0.76° 7; Cb/C =8.7 


ent of steel subsequent to cold-rolling sensitizing treatment 


21 days 2 hours 2 days 8 days 21 days 2 hours 2 days 


Stabil y 
A UIZINe at s40°F at 1,020°F at 1,020°F at 1,020°F at 1,020°F at 1,.200°F at 120k 


None 

ly hour at 1,600° F, 
None 

ty hour at 1,600 

2 hours at 1,600° F, 


PaBLeE 12 Effect of various treatments upon the susceptibility to intergranular attack of steel S- 28 


Carbon =0.115%, columbium=0.92%; Cb/C=8.0 
nt of steel subsequent to cold-rolling Sensitizing treatment 


21 days 2 hours 2 days Ss days 21 days 2 hours 2d 


Stabilizing Ton 
abilizing None it s40°F at 1,020°F at 1020°F at 1,020°F at 1,020°F at 1,200°) 1, 


None 

15 hour at 1,600° F, A 
None 

1, hour at 1,600° F, A 
2 hours at 1,600° F, A 
None 

1 hour at 1,400° F, A. ¢ 
Nome 

1 hour at 1,600 

None 

ty hour at. 1,400 


2 hours at 1,600° F, 


ee 


ee 
- 


a a ll ll ll 


Parnie 13 Effect of various treatments upon the susceptibility to intergranular attack of steel S—1? 


Carbon=0.117°), columbium = 1.14 Cb/C =9.7 


teel subsequent to cold-rolling Sensitizing treatment 


Stabilizing 21 days 2 hours 2 days 8 days 21 days 2 hours 2K 
— ut S40°F at 1,020°F at 1,020°F at 1,020°F at 1,020°F at 1,200°F at 1,2 


Nome 

ly hour at 1,600° F, 
Nom 

ty hour at 1,600 

2 hours at 1,600 
None 

1 hour at 1,600 
Nome 

| hour at 1,600 
None 


', hour at 1,600 


St a a 


Yn dk i dl al ll ll cl el el el 
- 


Fl 
ll 


> 


2 hours at 1,600 


search 


Austenitic Stainless Steel 











TARLI 


tine 


Carbon =0.132°), columbium = 1.47°); Cb/C =11.1 


nt of steel subsequent to cold-rolling Sensitizing treatment 


his “ . 21 days 2 hours 2 days S days 21 days 
Annealing tabilizing None at 40°F at 1,020°F at 1,020°F at 1,020°F at 1,020°% 
None None \ A \ \ \ \ 
Dy hour at 1,000° F, A. ¢ \ \ A \ A A 
hour at 1.so0° F, WL qQ None A \ \ A A \ 
1 hour at 1,400° F, A.C A \ A A A \ 
Ik 2 hours at 1,600° F, A.C \ \ A A A \ 
L, hour at 1.800° F, A. ¢ Nom \ A \ A A \ 
Ly 1 hour at 1.000° F, A.C A A \ \ B+ \ 
}min at 1.0 F,W.Q Nome \ \ \ A \ B 
1h 1 hour at 1,400° F, A. ¢ \ \ A A A \ 
min at 1,0 F, A. ¢ None \ \ \ A \ B 
1h hour at 1,600° F, A. ¢ \ A A \ B+ B 
1h 2 hours at 1,600° F, A. ¢ \ A \ A \ \ 
Tare 15. Effect of various treatments upon the susceptibility to intergranular attack of steel S 
Carbon =0.067°, titanium =0.26 rie +0 
Preatment of steel subsequent to cold-rolling Sensitizing treatment 
tins s — 21 days 2 hours 2 days S days 21 days 
Annealing tabilizing Non at 40°F at 1,020°F at 1,020°F at 1,020°F at 1,020°1 
Nor Nom 4 ( B DD } DE 
Db hour at 1,qo0° F, A. ¢ \ E+ I> k k I 
hour at 1.800° F, Wo qQ Nome \ \ \ Fk k I 
Do hour at 1,400° F, A. ¢ \ I I) I k I 
I 2 hours at 1,600° F, A. ¢ \ D> D k I I 
hour at 1.so0° F, A. ¢ Nome A \ \ k k k 
D> | hour at 1,.400° F, ALC \ ( B k E I 
}minat 1.975° F, W.Q None \ A \ ( E I 
D> 1 hour at 1,.400° F, A. ¢ AB I> cp I k I 
min at 1,0 7, a. Nome A A \ B I I 
D> hour at 1,400° F, A. ¢ \ BC B I I I 
1k 2 hours at 1,600° F, A.C \ B B DF I k 
Tare 16, Effect of various treatments upon the susceptibility to intergranular attack of steel S 
(Carbon =0.071°, titanium =0.32 TiCH45 
eatment eel subsequent to cold-rolling Sensitizing treatment 
tabili , 21 days 2 hours 2 days 8 days 21 days 
a e abilizing None at 40°F at 1,020°F at 1,020°F at 1,020°F at 1,020°F 
Non Nome A ( B D DE D 
Do 1s hour at 1,600° F, A.C A AB AB ' E+ I 
14 hour at 1.800° F, Wo Q None A \ A I E I 
Deo ts hour at 1,600° F, A, ¢ 4 Cp B } } E 
I 2 hours at 1,400° F, A.C 4 A AB I E+ FE 
Ly hour at 1,800° F, A. ¢ None \ \ \ I t k 
Deo 1 hour at 1,400° F, A. ¢ A B \ Cb I> DD 
$minat1.975° F, W.Q None \ \ \ ID I I 
Deo | hour at 1,600° F, A.C \ BC B+ F t I 
$min at 1,075° F, A. ¢ Nom \ \ \ DE I I 
De ty hour at 1,400° F, A. ¢ \ AB AB E+ F I 
Do 2 hours at 1,600° F, A. ¢ \ \ B D F F 
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Effect of various treatments upon the susceptibility to intergranular attack of steel S-39 


(Carbon =0.065°,, titanium =0.36% ; TiC =5.5) 


l subsequent to cold-rolling Sensitizing treatment 


Stabilizing N 21 days 2 hours 2 days & days 21 days 2 hours 2 days 
ees _ at S40°F at 1,020°F at 1,020°F at 1,020°F at 1,200°F at 1,020°F at 1,200°1 


‘4 hour at 1,600° F, A 
None 

hour at 1,600° F, A 
2 hours at 1,600 »A 
None 
| hour at 1,400° F, A.C 
None 
| hour at 1,400° F, A. ¢ 
None 

hour at 1,400 F, A.C 
2 hours at 1,600° F, A. ¢ 


i i a a ll al el el el 
Ft ll al el a el 
i lt 


Effect of various treatments upon the susceptibility to intergranular attack of steel C-6 


Carbon=0.0604%, titanium=0.5 ri 


steel subsequent to cold-rolling Sensitizing treatment 


1 days 2 hours 2 days Ss days 21 days 2 hours 2 days 


vi! , on - t 
Stabilizing None it s40°F at 1.020°F at 1,020°F at 1,020°F at 1,020°F at 1,200°F at 1,200°1 


Nom 
2 hour at 1,600 
Nome 
by hour at 1,600 
2 hours at 1,600 
Nome 
1 hour at 1,600 
Nom 
1 hour at 1,600 
Nome 
ty hour at 1,600 


> hours at 1,600° F, 


Tarte 19 Effect of various treatments upon the susceptibility to intergranular attack of steel 
J g I } / g 


Carbon =0.070%, titanium =0.50 ric 


ubsequent to cold-rolling ring treatment 


21 days 2 hours 2 days S days 21 days 2 hours 2 


Stabili , . 
tabilizing wts40°F at 1.020°F at 1.0200°F at 1,020°F at 1.020°F at 1,200°F at 1200°1 


Nome 
'» hour at 1,600 
Nome 
ty hour at 1,600 
2 hours at 1,600 
Nome 
1 hour at 1,600 
None 
| hour at 1,600 
None 
ty hour at 1,600 


nt 


Fn i i lt i ll 
- 


> 
_ 


2 hours at 1.600 


Austenitic Stainless Steel 











Deo 
De 
» hour 


min 
D> 





Parte 20. Effect of various treatments upon the susceptibility to intergranular attack of steel ( 
Carbon =0.0757, titanium =0.507 ; Ti/C =7.9 
rreatment of steel subsequent to cold-rolling Sensitizing treatment 
— ti . 2idays 2 hours 2 days 8 days 2idays 2 
Annealing Stabilizing Non at 840°F at 1,020°F at 1,020°F at 1,020°F at 1,020°F ar I 
Nome \ B+ \ A AB BK 
ty hour at 1,400° F, A A \ \ \ A \ 
miso r, W.qQ Nome A A \ A A \ 
ty hour at 1,400° F, A A A A A A A 
2 hours at 1,q00° F, A \ \ \ \ \ A 
at Leon? FF, A. ¢ None \ \ \ A A A 
| hour at 1,400° F, A. ¢ A A \ A A \ 
iti rF,W.Q Nome \ A \ A \ \ 
| hour at 1,600° F, A. ¢ A A \ A A A 
at 1,07 PF, A. Nome \ A \ \ A B 
'y hour at 1,600° F, A.C \ A \ A A A 
2 hours at 1,400° F, A.C \ \ \ \ \ \ 
Table 21 Eff ct of various treatments upon the susee plibility to intergranular attack of steel S 
Carbon =0.082%, titanium =0.37" ri 1.5 
lreatment steel subsequent to cold-rolling Serisitizing treatment 
—— a . 21 days 2 hours 2 days S days 21 day 2 
Annealing tabilizing None at 840° F ‘at 1,020°F at 1,090°F at 1,090°F at 1,020°F at 
Nome A Cb B ( D> B 
ty hour at 1.400° F, A A AB \ E+ I D+ \ 
visor, Wg Nome \ A \ k Fk I l 
to hour at 1,400° F, A. ¢ \ B \ k E+ I \ 
2 hours at 1,400° F, A.C A \ A DF DE I 
TaRLeE 22 Effect of various treatments upon the susceptibility to intergranular attack of steel S 
Carbon =0. 107%, titanium =0.44 rie 4.1 
I itment teel subsequent to cold-rolling sensitizing treatment 
ne . S " . 21 days 2 hours 2 days S days 21 days 2 
A —s tabilizing None as40°F at 1,020°F at 1,020°F at 1,020°F at 1,020°F at 1.2 
None \ E4 D DE ( B 
ty hour at 1,400° F, A. ¢ \ AB \ DE k D \ \ 
wiser, Wo Q None \ A \ k I I 
ty hour at 1.000° F, A. ¢ A ( B I I I \ 
2 hours at 1,400° F, A, ¢ \ \ \ DE E+ I Al . 
aise F, A. ¢ None \ \ \ D I Dt I 
| hour at 1,400° F, A. ¢ \ B+ \ D> DE D He 
t 1,97 F,W.Q Nome A \ 4 Cc E k I 
| hour at 1,fo0° F, A. ¢ \ B+ AB D F I I 1 
t 1,97 F, A. ¢ Nom 4 A \ DF E Fk 1) 
ty hour at 1,400° F, A. ¢ \ B \ DE E F I P 
2 hours at 1,600° F, A. ¢ A B+ B D> E EF 
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\BLE 23. Effect of various treatments upon the susceptibility to intergranular attack of steel S-36 


(Carbon =0.109%, titanium=0.4%,; Ti/C =5.0) 


tment ofsteel subsequent to cold-rolling Sensitizing treatment 


Stabilizing Nene 2idays | 2 hours 2 days 8 days 2idays 2 hours 2 days 
seit — at S40°F at 1,020°F at 1,020°F at 1,020°F at 1.020°F at 1,200°F at 1,200°F 


None 

14 hour at 1,600° F, / 
None 

bs hour at 1,600° F, 

2 hours at 1,600° F, 
None 

1 hour at 1,600 

None 

| hour at 1,600° F, A.C 
None 

lo hour at 1,600° F, 

2 hours at 1,400° F, A.C 


a 
dt 

a 
Sl i 


Parte 24 Eff ct of various treatments upon the susce ptrbilit / of inte rgranular attack of steel S 


Carbon=0.105%, titanium =0.61%; TiC =5.8 


steel subsequent to cold-rolling Sensitizing treatment 


Stabilizing N 21 days 2 hours 2 days s days 21 days 2 hours 2 days 
AO UIZINE sNOne it 40°F at 1,020°F at 1,020°F at 1,020°F at 1,020°F at 1,200°F at 1,200°R 


None AB 


ty hour at 1,600° F, A.C 
Nom 

1, hour at 1,600° F, A.C 
2 hours at 1,600 a. 
None 

1 hour at 1,400° F, A. C 
None 

| hour at 1,400° F, A. C 
None 

1, hour at 1,600 

2 hours at 1,600° F, 


a ll ll el le ee 


St lh le ee ed 
et 


V. Results and Discussion of this statement is shown in figure 2. This figure 
shows the microstructure of a straight carbon 

specimens were examined for carbide dis- (0.099%) austenitic steel, initially as cold rolled, 
m subsequent to sensitizing. The type of — after sensitizing 2 hours at 1,200° F (fig. 2, A) 


tion of the precipitated carbides was not and after sensitizing 2 days at 1,200° F (fig. 2, B). 


folk ee . oo a . _ . oo : . : 
allible indication of the resistance to inter- Both micrographs show a precipitation of carbides 
lar attack. Steels in which the carbides at the grain boundaries and on various slip planes, 
distril ’ “s , re F , resis a . , . 
ot — ht re usually goo and it is evident that the microstructures resulting 
ilergranular attack. owever, steels that . a 
z ; att from the two treatments are indistinguishable. 
arbides at the grain boundaries, even ah ; 
whe The behavior of these two specimens after ex- 
se carbides were distributed as a con- sad mon 
posure to the boiling acidified copper sulfate solu- 


twork, either were or were not sus- 
ntergranular attack, depending on the tion, however, differed radically (fig. 2, ¢). The 
ature relation during sensitization. left side of the micrograph, which corresponds to 
the microstructures of susceptible and specimen A, was exposed 2 days and suffered 
e specimens of the same steel ap- severe intergranular corrosion. The right side 


similar. A rather striking illustration of the micrograph, which corresponds to specimen 
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Stainless Steel 








Structure of straight carbon (0.09%; ) 


Figure 2. austenitic 


stainless steel, initially as cold-rolled, before and after ex po- 


sure to the boiling acidified copper sulfate solution, 


1, Sensitized 2 hours at 1,200° F. Heavy carbide precipitation at grain 


boundaries and on slip planes. Etched electrolytically 10 minutes in 10-per 
cent sodium cyanide <0). FR, Sensitized 2 days at 1,200° F Heavy car- 
Etched electro- 


lytically in 10-percent sodium cyanide. 500. C, Specimens A and R after 


bide precipitation at grain boundaries and on slip planes 


exposure to boiling acidified copper sulfate solution, Left side of micrograph, 
which corresponds to .1, Was exposed 2 days and suffered severe intergranular 
attack. Right side of micrograph, which corresponds to FR, was exposed 14 
days and showed no evidence of intergranular attack, yet both had the same 
type of carbide precipitation. The massive gray globules attached to speci 
men shown on left of C are particles of copper deposited from the acidified 


copper sulfate solution. Unetched «x 2) 


B, was exposed 14 days and showed no evidence 
whatever of intergranular attack. 

As a total of well over 2,500 individual speci- 
mens were tested, it is obviously impractical to 
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present a detailed account of the test daty 
cured. All data were assembled in ta‘ ular fy 
for study. ~The performance of eac! 

was then rated on the basis of each ; 
methods of evaluation (electrical 
metallic ring, bend test, and microstruc 
corrosion). An arbitrary system of appraisal 
used, as follows: 

A. Completely immune to intergranular atty 
Electrical resistivity, no increase; metalli 
no impairment; bend test, no evidence of crack 
microstructure, no evidence of intergranula 
tack. 

B. Practically immune to intergranular atta 
Electrical resistivity, not more than 12 perce 
increase; metallie ring, slightly dead; bend 
slight cracks; microstructure, slight intergral 
attack in extreme surface layers only. 

C. Moderately vulnerable to intergranula 
tack: Electrical resistivity, more than 12 per 
but not more than 25 percent increase; met 
ring, slight; bend test, cracked; microstruct 
moderately severe intergranular attack in sur! 
lavers only. 

D. Vulnerable to 
trical resistivity, more than 25 percent iner 


intergranular attach 


metallic ring, dead; bend test, broke; micros 
ture, intergranular attack. 

EK. Extremely vulnerable; 
occurring in a few days. 


Same as D 


The four ratings obtained for each indi 
specimen were then averaged by ASSILZNINY 
merical values to the ratings (A=4, B53, | 
D=1, E=0) and converting to the approp 
letter symbol. Plus or minus signs were us 
indicate averages falling slightly above or b 
letters, respectively, and averages falling mid 
between two letters were denoted by both lett 
These averages were then used to prepare | 
2 to 24, inclusive, which summarize qualita! 
the performance of each steel after various 
nealing, stabilizing, and sensitizing treatm 
The averaged letter symbols may be consi 
as an order of merit, bearing in mind that 
differences between A and B are rather slight 
those between D and E are very lai 
specimens were exposed to the boiling act 
copper-sulfate solution for a maximum time 0! 
days, specimens that were rated B and ©, al 
many cases even D, might have been rate 
satisfactory had they been subjected to th 


Journal of Resear¢ 





, olution for the more or less standardized attack. The ratio of chromium to nickel in steel 
{only 2 days. C-1 (table 2) was such that, in the presence of 
, yoteworthy feature shown by these tables is low carbon, appreciable amounts of delta ferrite 
+ the sensitizing temperature of 1,200° F, were present in the microstructure. Steel C—10 
- commonly specified, is too high to effect (table 3) contained lower chromium and higher 
m suseeptibility to intergranular attack. nickel so that no delta ferrite existed. This latter 
sire to a Sensitizing temperature of 1,020° F steel proved generally to be the more susceptible to 
) more effective, provided the time of ex intergranular attack except that, in the initially 
s quite long. A period of 8 or 21 days at cold-rolled condition, it was practically immune. 
» F appeared to be the most severe sensitiz- The performance of the individual columbium- 
atment of those used. It was not unusual = and titanium-treated steels may be studied by 
eels that showed complete immunity to inter- reference to the appropriate table, but a more 
lar attack after sensitizing either 2 hours or readily comprehensible presentation is given in 
ys at 1,200° F to be definitely vulnerable to table 25. In this table only the worst averaged 
cranular attack after sensitizing for either 8 rating of each steel, as presented in tables 7 to 
days at 1,020° F. It is possible that a 24, inclusive, is used. The steels are arranged in 
period of time at a temperature higher table 25 in order of Cb/C or Ti/C ratio without 
(20° F, but lower than 1,200° F, would be regard to the carbon content. It will be observed 
y effective In causing Maximum sensitiza- that, for all 12 initial conditions studied, the 
This possibility, however, was not explored performance of the steels improves as the Cb/C 
¢ this investigation. or Ti/C ratios increase. Apparently the carbon 
(onsidering the steels that contained no stabiliz- content within the range studied (0.06 to 0.13%) 
ments (tables 2 to 6, inclusive), it is appar- had little, if any, effect upon susceptibility to in- 
that all of these were quite vulnerable to tergranular attack, the predominating factor being 
vanular attack after certain sensitizing the Cb/C or Ti/C ratio. The ratings of the vari- 
ments. Decrease in carbon content decreased ous steels, as given in table 25, are plotted, as an 
gree of vulnerability, but even the two very order of merit, against the Cb/C and Ti/C ratios 
h~arbon steels tested were quite susceptible to in figures 3 and 4. 


TARBLe 25. Oualitative rating of resistance of test steels to inte rgranular attack * 


Cold-rolled Annealed bo hr at 1,800° F, Annealed '9 hrat | Annealed3 min at) Annealed 3 min at 1,975° F, 
very Q iso? F, ALC 1,975° F, W. ¢ a & 


Stabil Stabil- Stabil 


No sta- 
ized ! : 
*  bilizing 
hr at treat 
‘ 
k 


Stabil Stabil Stabil 
ized 4g ized 2 ized 1 oe : * | ized 44 | ized 2 
hr at hr at hr at onan hr at hr at 
1,000 1,000° F, 1,600 1.000° F, iets 100° FL Leoo° F, 
ment A.C ment 4.C AC ment AC ment A. ¢ wre 4. ¢ 


No sta 
bilizing 
F, treat 


No sta 
bilizing 
treat 


b 
E ; EF D 
D E+ D 
D DI B 
7 } \ B+ D 1+ A A 
7 A A A A \ B A A 


7 
prepared from tables 7 to 24, inclusive, using only the worst averaged rating of each steel in each initial condition. For instance, steel 8-26, 

tubilized 4 hour at 1,600° F, was rated DE as tested after sensitizing 8 days at 1,020° F (see table 7 Although for all other conditions of 
ngs were higher than DFE, this worst rating was used in this summary table 
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old Rolled Cold Roll 
Cold m@MWax2s - om Rolled : 
s 
' a : 
XK | 
- + + 7 oA B —_1_/ —________1_ ‘ B A 4 ‘ + 
s No stabilizing treatment Stabilized Yehr ! Zo stabilizine at 
/ i | at 1}600°F : Z ~ treatment 
( + - ae — —E — . C . ' 7 x ; 
Stabilizea Ye hr at 1600°F A ' x 
Py A abilizea Yehra 'y 
a | | | eal 
4 4 2 ee ee yt 
D ee, 1 D 4 ix wT’ 
e / 
Oo 
- E os . at 
Annealed z hr at I800°F, W Q 7 Annealed Yz hr —} nat O WQ e 
. ——_—_——-4 _@------- = --- 
Stabilizea Z hr _— Stabilized Ye hr bad J ba 
at 1600°F, A C at 1}600°F, AC = 
x t ns 
B T ral : . B te t 
# ~~ No stabilizing Stabilized Z hr : © / 
’ 1 treatment ot 1}600°F,. AC ; / 
( + {~ + Cc , Pf + 
Stabilized Ye hr ’ x No stabilizing > 
at 1600°F, AC ; treatment ils 
a ewal Se heel > Side AM eS 
|] 
; 14 
x 
posse, 
Annealea Yz hr at I800°F, A C Annealed Yz hr at \800°F, A C 
ab r — —K— A 
No stabilizing Le _ Stabilized | hr "Pet 
treatment / _ se at 1}600°F_ AC Pgs ' 
BR 7 + j + ot + = B © my ‘ 
»~ e ‘ 
~ . = a/ 
1? 2 AR 
> Cc + “fr \4 So ¢ 4 7 
. , Stabilized | hr ry i + No stab 
: ue at 1600°F, A.¢ } iV treatme 
o D 4 + 7 © D Pa / 1 
; a" ry 
a7 9 
—s E wie-K 
Annealea 3 min at 1975°F. WQ Annealed 3 min at 1975°F, WQ P 
Stabilized | hr Pre ul / se P r 
at 1600°F, A eo J / / 
B 0, ——_« B : f 
7 J Stabilized | hr ! / . 
, at 1600°F, A C ' om 
’ 4 ’ 
( , +t C te / 
, @ 
' No stabilizing ‘ / 
: k treatment Y / 
t % 4 7 7 tf + + 4 x- x 
- ‘ L ’ x J 
‘/ ‘ No st | . 
a y ‘ 7 treatme 
27 ‘ —t = () 
Ee ? —_—_ BE). — xX 
Annealed 3 min at 1975°F, AC Annealed 3 min at I975°F, AC a 
A ‘ - 4 - ; 
Stabilizea 2 hr Stabilized Ye hr 
at |}600°F, AC at 1600°F, A.C 
B + of . 
No stabilizing treatment Stabilized Zhr gg , 
at 1600°F, A.C L 
C 4 4 C . Ps ; 
/ Stabilized Ye hr 0 Cc P 4 
1 at 1600°F, AC 8 x 
D + “@- + + D Sf 
Ya “No sta 
x * treatme 
e E btenene x x: 
7 8 9 10 MN 12 3 + 5 6 7 
Ratio, Cb/C Ratio, Ti/C 
Figure 3. Influence of ratio of Cb/C and of initial heat Ficure 4. Influence of ratio of Ti/C and ¢ 


treatment upon resistance to intergranular attack. treatment upon resistance to intergranula 
See page 334 for explanation of significance of letters representing order See page 334 for explanation of significance of letters repr 
of merit merit. 
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ardless of the initial condition of the steels, 
~» in Cb/C or Ti/C to the higher ratios had 
todly beneficial effect upon the resistance to 
mnular embrittlement. The ratio required 
gpstantial immunity varied with the initial 
mn of the steel. Of the initial conditions 
those conferring maximum immunity to 
~anular attack were as cold rolled or as 
d from 1,800° F in water. Increase in 
ng temperature from 1,800° to 1,975° F 
d the resistance to intergranular attack. 
eterious effect of higher annealing temper- 
pon susceptibility to intergranular attack 
n shown by other investigators [8]. Air 
instead of water quenching after annealing 
« detrimental. The stabilizing treatment 
«lf to be quite necessary for the titanium- 
steels but was generally of only slight 
ito the columbium-treated steels. In fact, 
vrimposed stabilizing treatment appeared 
y to be detrimental to the columbium- 
steels as air cooled from 1,800° F. The 
adieated no significant differences between 
ng periods of 's and 2 hours at 1,600° F. 


VI. Summary and Conclusions 


: are presented on the resistance to inter- 
embrittlement of 23 austenitic corrosion- 
esteels (18% Cr—10% Ni base composition) 
ferent initial conditions. Susceptibility to 
canular attack was determined after seven 
ut sensitizing treatments, followed by a 

m of 14 boiling 
«l copper sulfate solution. 


days exposure in a 
The following 
sions appear warranted: 
(f the various sensitizing treatments utilized, 
im susceptibility to intergranular attack 
veloped by either 8 or 21 days at 1,020° F, 
ommonly used sensitizing treatment of 2 
sat 1,200° F was ineffective in developing 
bility in any but the most vulnerable 


The straight carbon austenitic corrosion- 
ig steels were very susceptible to intergran- 
mbrittlement. The susceptibility decreased 
carbon content decreased but, with the 
‘on of one low-carbon steel in the cold- 
rondition only, even the very low carbon 
1.025% C) were vulnerable regardless of 


‘treatment. 


ienitic Stainless Steel 


3. In the columbium- and _titanium-bearing 
steels, carbon content within the range of 0.06 
to 0.13 percent had no influence upon the resist- 
ance to intergranular attack, except insofar as it 
influenced the Cb/C or TiC Steels 
having similar ratios ot stabilizing element to 


ratios. 


carbon had approximately the same degree of 
susceptibility to intergranular attack regardless 
of the carbon content. 

4. Both the columbium- and titanium-treated 
steels exhibited greater resistance to intergranular 
attack as cold rolled or annealed at 1,800° F and 
water quenched than as annealed at 1,800° F and 
air cooled, or as annealed at 1,975° F and either 
water quenched or air cooled. 

5. Stabilizing heat treatments at 1,600° F had a 


negligible effect upon the resistance to inter- 
granular embrittlement of the columbium-treated 
steels. The performance of the titanium-treated 
steels carrying the higher ratios of Ti/C, however, 
was markedly improved by such treatments. 
Variation in time of the stabilizing treatments 
from 's to 2 hours had no effect. 

6. When properly treated, substantially com- 
plete immunity to intergranular attack may be 
obtained with a minimum ratio of Cb/C=10 and 
Ti/C=5. For more ‘fool-proof” immunity, it is 
believed that these ratios should be 12 and 8 
respectively. 

It should be emphasized that the data and con- 
clusions given in this paper refer only to the 
susceptibility of the test steels to intergranular 
attack as developed under test conditions consid- 


erably more severe than those normally used. 
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